Volume 50 October 1963 Number 4 


Proceedings of the 


National Academy 


of Sciences 
of the United States of America 





The Proceedings of the National Academy of Sciences 
OFFICERS OF THE ACADEMY 


FREDERICK Se!rz 
President 


J. A. STRATTON 
Vice President 
Harrison S, Brown 
Foreign Secretary 
Hues L. DrypEn 
Home Secretary 


L. V. BERKENER 
Treasurer 


EDITORIAL BOARD OF THE PROCEEDINGS 


Saunpers Mac Lang 
Chairman 


Hues L. Drypen, Home Secretary Harrison 8. Brown, Foreign Secretary 
L. V. BerKNER, Treasurer Epwin B. Witson, Managing Editor 


5S. CHANDRASEKHAR ArTHUR KORNBERG J. R. Prerce 
Tuomas Francis, JR. WItuarp F, Lipsy 8. 8. STEVENS 
Davip R. GoppaRD Gorpon J. F. MacDonatp Francis J. TURNER 


G. Evetyn HutcHinson 


Subscription price is $20.00 for one year, $38.00 for two years, and $55.00 for three 
years. The price of a single issue beginning with volume 49 (1963) is $2.50; volumes 
47 (1961) and 48 (1962), $2.25; through volume 46 (1960), $1.50. 


Editorial correspondence should be addressed to the ProceEpINGSs OF THE NATIONAL 
AcapeEmy OF Sciences, 2101 Constitution Avenue, Washington 25, D. C. 


Business correspondence should be addressed to the Printing and Publishing Office, 
National Academy of Sciences, 2101 Constitution Ave., Washington 25, D. C. 


Subscribers are requested to notify the Printing and Eomomgaer Office of the Academy 


and their local postmaster immediately of change of address. Notices to the Academy 


should provide both the old and the new address. 


Microfilms of complete volumes of this journal are available to regular subscribers 
only and may be obtained at the end of the volume year from University Microfilms, 
313 N. First Street, Ann Arbor, Michigan. 

Second-class postage paid at Easton, Pennsylvania. 


PRINTED IN THE U. &. A. 


Tue PRocEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES 
ts published monthly by 
Tue NaTIonaL ACADEMY OF SCIENCES 





Proceedings of the 
NATIONAL ACADEMY OF SCIE ‘NCES 


Volume 50 + Number 4 + October 15, 1963 


TWO LIGHT REACTIONS OF BACTERIOCHLOROPHYLL IN VIVO* 
By Roprerick K. CLAYTON 
CHARLES F. KETTERING RESEARCH LABORATORY, YELLOW SPRINGS, OHIO 


Communicated by William Arnold, August 6, 1963 


The chemistry of bacterial photosynthesis begins at a photochemical reaction 
center! that effects a separation of oxidant and reductant at the expense of light 
energy. Substances that have been implicated in the functioning of the reaction 
center are one or more cytochromes,” * a specialized BChl* component designated 
P870,5-7 and UQ.’ In cells and chromatophores of photosynthetic bacteria, a 
light-induced bleaching of P870 is manifested by characteristic absorbancy changes 
in the region from 700 to 1,250 my®:7.* ' This reaction has been identified as a 
photochemical oxidation, both because chemical oxidation produces the same dif- 
ference spectrum and because a reducing environment accelerates the reversal, u 
the dark, of the light reaction.®: |! Recently it was shown that this light reaction is 
accompanied by absorbancy changes corresponding to the reduction of UQ,’ and 
by a broad band of increased absorption centered at 435 mu.*: A primary photo- 
chemical reaction in bacterial photosynthesis was formulated! a 


hy 
P870-UQ — P870*-UQ — P870*-UQ~, (1) 
where P870* represents P870 in an excited state. 
Another light reaction in photosynthetic bacteria is the oxidation of Cyt,? 
presumably coupled with the reduction of an electron-acceptor molecule: 
hy, BChl 
Cyt:-A ——-—> Cytt-A-. (2) 
For reaction (2) to occur reversibly, it is of course necessary that the Cyt become 
reduced in the dark following its photooxidation. The light reaction of P870 is 
maximal when the cytochrome reaction is blocked (i.e., under such conditions that 
the Cyt remains oxidized in the dark), and the P870 reaction becomes truncated 
when the cytochrome reaction is able to occur vigorously.* Both light reactions 
have been shown to occur with high quantum efficiency at liquid nitrogen tempera- 
ture, P870 oxidation reversibly and cytochrome oxidation irreversibly.!*: ' 
It has been proposed!: * that reaction (2) is actually a sequel to reaction (1), with 
oxidized P870 as electron acceptor: 


Cyt-P870* — Cyt*- P870; (3) 


in this formulation the coupled reactions (1) and (3) produce UQ~ and Cyt* as 
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starting points for the electron transfer reactions of photosynthesis. Alternatively, 
it has been suggested'*: '4 that reaction (2) is the central primary reaction, with 
BChl (or P870) as electron acceptor: 


hy 


Cyt-BChl > Cyt-BChl* — Cyt+-BChI-. (4) 


In this view, reaction (1) is either an independent event or a nonfunctional light 
reaction that occurs only when Cyt is in its oxidized state. Development of this 
point of view has been hampered because until now there has been no evidence for 
the formation of reduced BChl concomitant to the appearance of oxidized Cyt. 
The present communication describes a light-induced reaction suggestive of the 
reduction of BChl in cells and chromatophores of Rhodopseudomonas spheroides. 
This reaction accompanies the oxidation of Cyt, whereas the oxidation of P870 is 
accompanied by absorbancy changes reflecting reduction of UQ and by an absorp- 
tion increase at 435 mu. 

Methods.—The cultivation of R. spheroides and the preparation of chromato- 
phore fractions has been described in detail elsewhere,"® as has the technique of 
observing light-induced absorption spectrum changes and chemically induced 
difference spectra.’ © In these observations several spectrophotometers were 
used: the Beckman DK2a, the Perkin-Elmer Model 350, and a single-beam dif- 
ference spectrophotometer constructed from a Leiss monochromator and an elec- 
trical balancing circuit. Results were independent of the instrument used. 

Results.—Figure 1 shows light-induced absorption spectrum changes observed in 
cells of blue-green (carotenoidless) mutant R. spheroides, together with an absorp- 


tion spectrum of the preparation. The cells were harvested toward the end of 


890 mu 
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Fic. 2.—Kinetics of light-induced 
absorbancy changes in wild-type R. 
cells of blue-green mutant. Rhodo- spheroides cells (strain 2.4.1) sus- 
pseudomonas spheroides (strain pended in 30% aqueous albumin, 
2.4.1/CC1/R-26). Cells were »9H_~=(7.0. Portions of the traces 
suspended in phosphate buffer, labeled B~ pertain to one light reac- 
0.01 M, pH 7.0, containing 30% tion; those labeled P870* pertain to 
albumin to reduce light scattering. another (see text). Arrows show 
Upper curve, absorption spectrum. when the exciting light was turned on 
Lower solid curve, spectrum of re- and off. Wavelengths pertain to the 


Fig. 1.—Absorption and light- 
induced difference spectra for 


versible light-induced absorbancy 
changes in the freshly prepared 
cell suspension. Lower dashed 
curve, spectrum of light-induced 
changes in the same cell suspen- 
sion after 24 hr storage at 3°C. 


measuring light. For the traces at 
890 and 790 my, the exciting light 
intensity was 1,100 arbitrary units; 
for that at 840 my, the intensity was 
460 units. These units can be as- 
sessed by reference to Fig. 3. 
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exponential growth and suspended in 30 per cent aqueous albumin to reduce their 
turbidity. The lower solid curve pertains to the freshly harvested and resuspended 
cell suspension (‘‘fresh cells’); the dashed curve describes the behavior of the same 
cells after 24 hr storage at 3°C (‘stored cells”). The stored cells showed the light- 
induced oxidation of P870 and also the absorption increase at 435 mu. They did 
not show a change corresponding to cytochrome oxidation. In contrast the fresh 
cells showed, in the visible, only a change representing light-induced cytochrome 
oxidation. The P870 oxidation and the 435-my absorption increase were entirely 
lacking i: these fresh cells. Instead they showed in the infrared the light-induced 
change shown in Figure 1 (lower solid curve). This change appears to be a bathy- 
chromic shift of a band centered at the absorption maximum of BChl. 

Because of the wavelengths involved, both types of light-induced changes shown 
in Figure 1 appear related to BChl. Evidence already exists that P870 is BChl in 
a specialized environment.’ For convenience, the two infrared reactions will be 
termed B~ (lower solid curve, fresh cells) and P870+ (dashed curve, stored cells). 
The term B~ is chosen because of a tentative identification of this reaction with the 
reduction of BChl, or of P870 (see below). P870+ encompasses the bleaching of 
P870 and related effects near 800 and 1,250 mu. 

Reactions B~ and P870+ could often be observed simultaneously in cells or in 
freshly prepared chromatophores. The two reactions could then be distinguished 
kinetically, as shown in Figure 2 for cells of wild-type R. spheroides. At 890 mu, 
using strong exciting light, B~ (absorption increase at this wavelength) showed a 
rapid onset and a slow decay, whereas P870* (absorption decrease) rose slowly and 
decayed rapidly. The kinetics of P870* are seen in isolation at 790 mu, where B— 
is nil. Bo could be isolated by using weaker exciting light (see the 840-my trace 
in Fig. 2). In faet, P870+ became appreciable only at exciting light intensities 
sufficient to saturate B~ (see Fig. 3). Correspondingly, in the visible part of the 
spectrum an oxidation of cytochrome was effected by weak exciting light, but the 
435-my absorption increase appeared only under stronger excitation. 
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Yi Ae Fig. 4.—Spectra of the two 

a. 600 1000 kinds of light-induced change 
EXCITING LIGHT INTENSITY . + ‘ . ‘ 

ARBITRARY UNITS shown in Fig. 2, using the same 

preparation. The two effects 

‘Ia. 3.—Light - saturation were discriminated kinetically as 

curves for the two kinds of indicated in Fig. 2. Upper curve, 

light-induced change shown in absorption spectrum. Lower solid 

Fig.\2, using the same prepara- curve, spectrum of B~ reaction. 

tion of wild-type R. spheroides Lower dashed curve, spectrum of 

cells, measured at 890 mu. P870* reaction. 
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The spectra of B~ and P870* in the foregoing suspension of wild-type R. sphe- 
roides cells are shown in Figure 4. Incomplete kinetic separation of the two reac- 
tions is suggested by the appearance of hybridization: each curve partakes a little 
of the shape of the other. When B~ is eliminated, for example by adding sodium 
azide or (in chromatophores) deoxycholate, the spectrum of P870+ assumes the 
simple form shown in Figure 1. 

The B~ and P870* reactions respond in opposite ways to redox agents. Aera- 
tion, sufficient to oxidize endogenous cytochromes, reversibly abolishes B~ and 
enhances P870+. Mild reductants (potential about 100 mv) enhance B~ and also 
enhance the photooxidation of Cyt, while diminishing the P870+ reaction. 

The P870+ light reaction is mimicked by chemical oxidation (potential 470 mv).® 
Reduction of chromatophores with hydrosulfite produces difference spectra that 
resemble crudely a superposition of B~ and of P870+ with its sign reversed. These 
spectra were variable, as though the relative contributions of B~ and ‘reversed 
P870*” differed in different preparations. 

Discussion.-—The reaction designated B~ accompanies the photochemical oxi- 
dation of Cyt and involves absorbancy changes near the principal absorption 
maximum of BChl. It is natural, therefore, to regard B~ as a manifestation of 
BChl reduction accompanying the oxidation of Cyt. This interpretation is 
strengthened by the fact that both B~ and the Cyt oxidation are abolished by 
aeration and enhanced in a reducing environment. Finally, there is some evidence 
that chemical reduction produces changes similar to those of B~. 

The two sets of reactions, [Cyt+, B~] and [P870+, UQ~], interact in the sense 
that the second is maximal when the first is inoperative. Interaction of two light 
reactions is also implicit in the kinetics of the P870+ reaction. When the B~- 
reaction is absent, P870*+ shows kinetics appropriate to a single light reaction: 
the decay in the dark is somewhat slower than the rise at the onset of illumination. 
But when B~ occurs, as in Figure 2, P870+ shows the peculiar kinetic pattern of a 
decay that is much faster than the rise. This can come about only if the decay of 
P870* is influenced by the product of another light reaction. A relationship 
between [Cyt*, B~] and [P870+, UQ~] is suggested further by the fact that P870 
and light-reacting Cyt are present, in chromatophores, at equal concentrations,‘ 
and both survive treatments that destroy all of the light-harvesting BChl.? 

The occurrence of Cyt oxidation in fresh cells with high quantum efficiency in 
dim light'® encourages the belief that [(Cyt*+, B~] reflects a primary event in photo- 
synthesis. It remains to be seen whether the second primary light reaction [P870*, 
UQ~|] plays an essential role in photosynthesis, or whether it serves a secondary 
function or no function at all. 

Summary.—Photosynthetie bacteria exhibit two kinds of reversible light- 
induced absorption spectrum changes near the infrared absorption maximum of 
bacteriochlorophyll. One of these reactions reflects the oxidation of P870, a 
specialized bacteriochlorophyll component. This reaction is accompanied by 
spectral changes that correspond te reduction of ubiquinone. The other infrared 
light reaction accompanies cytochrome oxidation and may reflect the reduction of 
bacteriochlorophyll. 

* Contribution 123 from the Charles F. Kettering Research Laboratory. 
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VoL. 50, 1963 GENETICS: H. LEVENE 


* Olson, J. M., and B. Chance, Arch. Biochem. Biophys., 88, 26 (1960). 

3 Clayton, R. K., Photochem. Photobiol., 1, 313 (1962). 

‘ Bacteriochlorophyll, ubiquinone, and cytochrome are abbreviated BChl, UQ, and Cyt, re- 
spectively. The term ‘‘chromatophore’’ denotes the subcellular material from photosynthetic 
bacteria sedimenting between 15,000 and 100,000 X g upon 90 min of centrifugation. 

5 Clayton, R. K., Photochem. Photobiol., 1, 201 (1962). 

® Vredenberg, W. J., and L. N. M. Duysens, Nature, 197, 355 (1963). 

7 Clayton, R. K., Biochim. Biophys. Acta, in press. 

’ Clayton, R. K., Biochem. Biophys. Res. Comm., 9, 49 (1962). 

® Duysens, L. N. M., ‘“Transfer of excitation energy in photosynthesis,’ thesis, Utrecht, 1952. 

” Arnold, William, and R. K. Clayton, these PRocEEDINGs, 46, 769 (1960). 

't Goedheer, J. C., Biochim. Biophys. Acta, 38, 389 (1960). 

” Clayton, R. K., Photochem. Photobiol., 1, 305 (1962). 

13 Chance, B., and M. Nishimura, these PROCEEDINGs, 46, 19 (1960). 

™ Kamen, M. D., in Light and Life (Baltimore: The Johns Hopkins Press, 1961), p. 483. 

% Clayton, R. K., Biochim. Biophys. Acta, 37, 503 (1960). 

® Olson, J. M., Science, 135, 101 (1962). 


INBRED GENETIC LOADS AND THE DETERMINATION OF 
POPULATION STRUCTURE 
By Howarp LEVENE* 
DEPARTMENTS OF MATHEMATICAL STATISTICS AND ZOOLOGY, COLUMBIA UNIVERSITY 


Communicated by Th. Dobzhansky, August 2, 1963 


Morton, Crow, and Muller, in a pioneering paper,' gave a method for determining 
from inbred and outbred individuals whether the genetic load in a population was 
due mainly to deleterious genes maintained by mutation pressure (mutational 
load) or to genes maintained because the heterozygote was superior to the homozy- 
gotes (the segregational load of Crow? or the balanced load of Dobzhansky*). 
Morton, Crow, and Muller applied their method to some human data from France 
and the United States, and concluded that the load due to inbreeding was mainly 
mutational. The method was subsequently applied by many authors. Perhaps 
the best and most extensive human data is that of Neel and Schull‘ from Japan, 
while the best nonhuman data so far published is that of Dobzhansky, Spassky, and 
Tidwell> on Drosophila. These two studies did not rule out a major role for over- 
dominant loci. Recently there has been some controversy over the validity of the 
approach of Morton, Crow, and Muller, and it has been criticized on mathematical 
and theoretical grounds by Li® 7 and Sanghvi® and defended by Crow.’ The 
present paper is devoted exclusively to continuing this discussion and to an exami- 
nation of whether or not population structure can be determined by this method 
in practice. The question of whether, in Dobzhansky’s terminology, the classical 
or the balanced theory is in fact more nearly correct can be attacked in many 
other ways, and will not be considered here. 

Consider a single locus with two alleles. Under the assumption of random 
mating, zygotic frequencies will be p? AA:2pq AA:q? aa. Let the expected num- 
ber of offspring one generation later of each of the three genotypes be w;, we, ws, 
respectively. The expected number of offspring of a random individual one genera- 
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tion later will be ® = p?w, + 2pqwe + q?w;. The population size will be decreas- 
ing, stable, or increasing, according as @ is less than, equal to, or greater than one. 
However, as long as we are only interested in gene frequencies and not population 
size, the w’s may all be multiplied by a common constant without altering any- 
thing, and in most experimental situations it is easier to find such relative w’s 
rather than absolute ones. Crow? defined genetic load as A = (w; — @®p)/w, 
where w, is the largest of the w’s. The load as thus defined is independent of scale, 
it being the proportionate loss of average fitness due to the presence of the less fit 
genotypes. For convenience, Crow took the largest w; = 1. This convention 
becomes a pitfall in the applications, as was seen but not clearly explained by Li.® 
If we now suppose that all individuals are artificially made homozygous while the 
gene frequency, g, of a remains fixed, @ becomes ® = pw; + quws, and the load be- 
comes B + A = (w; — ®)/u;. The ratio of the random load to the homozygous load 
is (B + A)/A = (w; — ®)/(w; — ®) and is invariant when all the w’s are added 
to or multiplied by a constant. Now let us suppose that the AA homozygote is 
the most fit. It is convenient to let w, = 1, we = 1 — hs, and w; = 1 — s, where 
hand s are positive. Then B + A = qs and A = 2q(1 — q)hs + q’s, and 
B+aA qs | | 
A ~ Qg(1 — g)hs + q?s ~ Rai — qgt+q’ (1) 
which is independent of s. If hk = 0, (B + A)/A = 1/9, while if h > 0, (B + A)/ 
A — 1/(2h) as q > 0, and, whenever q is small compared to 2h, we will have ap- 
proximately 
B+A l 
A 2 
Further, let A mutate to a at rate m = 2y, where u is the probability of mutation in 
a gamete and m the expected number of mutations per zygote. Then there will be 


(2) 


an equilibrium established, with equilibrium gene frequency ¢ = Vm/(2s) 

h = Oand ais completely recessive, or approximately g = m/(2hs) if h > 0 and hs is 
much larger than m, as is usually the case. Also under these conditions g will be 
small, and if g is small compared to 2h, which will be true if m is small compared to 
4sh?, then g may also be expected to be small, and equation (2) will be approxi- 
mately correct. This equation was obtained by Crow? by a different argument, 
using the same assumptions. Actually, this result is independent of m, g, s, or of 
any assumptions on h except h > 0, and holds if and only if the actual g is small 
compared to 2h. 

If, on the other hand, the heterozygote is superior, it will be convenient to let 
w, = 1 — kt, w. = 1, and w; = 1 — ¢, where k and tare positive.'° Then there will 
be an equilibrium with q = ¢ = kt/(kt + t) = k/(1 + k), independent of the value 
of ¢, which measures the inal 2 the selection. It is also convenient, though not 
essential, to let aa represent the poorer homozygote, sothatk <1. Then B+ A = 
qt + (1 — q)kt, and A = q?t + (1 — q)?kt, giving 

B+A ¢+i-¢ee 67 i= gk 3 
A — gt+(l— q)*kt g@t+iil- q)°k e) 


which is independent of t. Considering (B + A)/A as a function of q for fixed k, 
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Fig. 1.—Value of (B+ A)/A as a function of gene frequency q on logarithmic 
coordinates for a semidominant locus with various h (dashed lines), and for a heterotic 
locus with various k (solid lines). See text for further explanation. 


it is easy to show that it takes the value 1 for g = 0 and q = 1, the value 2 for g = 
g = k/(1 + k) and forg = 1/2, and attains a maximum value of (1 + Wk)?/(2~Wk) 
when g = (— k + Vk)/(1 — k). This last value is between g and 1/2. Figure 1 
gives (B + A)/A asa function of qg for various values of k, using equation (3), and 
for various values of h, using equation (1). 

Morton, Crow, and Muller! and Crow? assumed that the population was at 
equilibrium with g = g, and thus (B + A)/A would be 2, compared to a much 
larger value for a mutational load, where they felt that (B + A)/A = 1/2h would 
be of the order of 25. Crow extended the results for the segregational case to n 
alleles and showed that at equilibrium (B + A)/A <n, taking this maximum value 
only if all heterozygotes had the same value of w. Since it was felt that in general 
there would not be many equally fit heterozygotes, the basic method was to esti- 
mate (B + A)/A (or for technical reasons B/A), and if this was large (say greater 
than 10) decide that the load was largely mutational. However, two further ex- 
tensions had to be made by Morton, Crow, and Muller! before the method could be 
applied. First, it could be extended without change to many loci acting together 
provided their effects were independent, or not “synergistic.” This is nearly, but 
not quite, the same as assuming additive effects or no epistasis. Nonsynergistic 
environmental effects were not explicitly included, but it was shown they would 
tend to reduce the value of B/A. Second, B + A, the load for complete homozygo- 
sis, corresponds to an inbreeding coefficient, F = 1, and normally cannot be ob- 
served. However, it could be estimated from the load in individuals who resulted 
from the mating of close relatives, which happens by chance in a finite population 
with small effective population size. 

There are a number of difficulties in applying this method. First, most applica- 
tions so far have been based on mortality (or survival) between two points in the 
life cycle, e.g., stillbirths, neonatal deaths, and juvenile deaths (Morton, Crow, 
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and Muller'), and survival from egg to imago (Dobzhansky, Spassky, and Tid- 
well’). Here, assuming that all environmental or accidental causes of death could 
be eliminated, the ideal genotype would have 100 per cent survival. If the prob- 
ability of survival of genotype 7 is v;, then w; = v,2;, where z,; includes differential 
survival at other stages of the life cycle, differential fertility, and other factors af- 
fecting over-all fitness. The data used estimates only v, and the assumption that 
the actual g based on w,gw will be close to the g calculated from v, g, is unwarranted. 
Thus, even if g is close to the true g,, it may be quite different from the ostensible 
g, based only on v; and it is only when q equals g, that (B + A)/A, calculated from 
survival data, will equal 2 for a heterotic locus. Examination of Figure 1 will 
show how much the (B + A)/A ratio can depart from the theoretical, when q # @. 
lor example, gene a may be kept at a frequency of 0.03 by over-all heterozygous 
advantage, but behave like a deleterious semidominant with h = 0.01 when only 
survival is considered, and under those conditions will give an ostensible (B + A)/ 
A = 20. Thus, studies based only on mortality are of doubtful value at best for 
determining the nature of the genetic load. 

On the other hand, studies involving all components of fitness over an entire 
generation on a population in genetic equilibrium are extraordinarily difficult and, 
as far as I know, have never been carried out even for Drosophila. Even if they 
could be carried out, another difficulty would arise. Dobzhansky" '* and others 
have pointed out that a best genotype is pretty much of a fiction. Given a large 
number of loci, the number of possible genotypes is so large that even if there is a 
best it probably will occur at most in one individual in an occasional generation. 
Even under the ‘‘classical” theory, with the best genotype homozygous for all the 
“normal” alleles, Muller'® has estimated that the average human is heterozygous 
for at least 8 deleterious genes. The probability that an individual carries none 
would then be of the order of magnitude of e~* = 0.0003, and the ideal would still 
be too rare to be usable experimentally. Iurthermore, one cannot now define a 
perfect genotype on a priort grounds; for example, the number of offspring of an 
active human male could be in the hundreds, but no such person would be detected 
by a genetic survey. 

In the literature, the largest w is taken as one, and thus in practice the load is 
always given as 1 — @, although in his text Crow points out that this is a conven- 
tion. Li® proceeded to criticize the use of 1 — @ as making the “‘load’”’ depend on 
the notation one used. This criticism is perhaps misdirected, but nevertheless Li 
has performed a useful service in pointing out how extremely sensitive the (B + 
A)/A ratio is to the quantity from which one subtracts @. The conventional 
setting of the maximum w equal to one has helped to sweep under the carpet the 
very real difficulty of finding that maximum—a difficulty that is not ameliorated 
by the fact that we may divide all the other w’s by this maximum once we have 
found it. The fact that a unique beneficial mutation creating a new and larger 
maximum w will instantly, and before it is increased in frequency by selection, in- 
crease the load in the population is a semantic problem and irrelevant for the 
present purpose. 

The two difficulties discussed above are so great that it seems doubtful if the 
valculation of B/A ratios can shed any real light on the nature of the genetic load. 
However, they by no means exhaust the difficulties. All evidence suggests that w 





VoL. 50, 1963 GENETICS: H. LEVENE 591 


values vary considerably from one generation to another, so that no population is 
in genetic equilibrium for its present adaptive values. We have pointed out the 
difficulties caused by such a departure from equilibrium. Likewise, if a population 
occupies several ecological niches, as most populations probably do, the theory is 
upset in ways that have not as yet been explored. 

Finally, it seems to the present author that epistatic interactions are too com- 
mon and important to be ignored. The implications have only been explored for 
one simple case. Consider two loci each with two alleles and fitnesses, as follows: 

BB Bb bb 
AA 1—2e-d l—c 1—2e-d 
Aa l—c 1 l—c 
aa 1—2c-d l-—c 1—2c-d 
We assume c > 0. If there is any equilibrium, by symmetry it is with A and B 
each having a frequency of '/s. For these gene frequencies 


ot 4 ay 2d 
4c 


A +d @) 
If d = 0, there is no epistatic interaction and (B + A)/A = 2. Ifd>0, the double 
homozygote is less fit than would be expected under additivity, and (B + A)/A is 
greater than 2, taking a maximum value of 4 whend > O andc = 0. If d < 0, 
(B + A)/A is less than 2, taking a value of 4/3 whend = —c. Professor Crow has 
pointed out (personal communication) that if there is epistasis the load is no 
longer a linear function of Ff, but a quadratic. We can easily show that for the 
present example the load under partial inbreeding is (ce + 1/4d) + (e + 1/2d)F + 
(1/4d)F?. Setting F = 0 gives A = c+ 1/4d,and F = 1 givesB+ A = 2c +d, 
giving (B + A)/A as above. However, if B is estimated from data based on small 
degrees of inbreeding, F? will be very small compared to F and can be ignored, giving 
a linear relationship for small values of F. The slope B will then be estimated as 
c + 1/2d, and the estimated (B + A)/A ratio will be (2c + 3/4d)/(e + 1/4d) = 
2 + d/(4c + d), giving a value of 2 when d = 0 (as it should), but a maximum of 3 
whence = Oandd>0O. Thus, the (B + A)/A ratio will still be inflated by epistasis, 
but to a lesser degree. It is clear that with larger numbers of loci the effects might 
be even larger. With d > 0, the graph of load against coefficient of inbreeding 
would curve upward for large F. There is some evidence from Dobzhansky, 
Spassky, and Tidwell’ and from unpublished data that this actually happens for 
Drosophila for F = 1/4, and even more when a single chromosome is made com- 
pletely homozygous, giving F = 1 for that part of the genome. 

In closing, it may be noted that Li® and Sanghvi® have suggested using @,/®p 
instead of (B + A)/A as a measure of inbreeding depression, and that Dobzhan- 
sky": '4 has suggested taking @ = 1 and measuring adaptedness of all genotypes 
as a departure, plus or minus, from this norm. While both these suggestions have 
value in discussing the biological aspects of adaptedness, inbreeding depression, and 
genetic norms, and Dobzhansky’s standard is operationally simpler than Crow’s, 
neither formulation is useful for determining the relative importance of the muta- 
tional and the balanced load. Thus, for this purpose, neither formulation is a rival 
for the (B + A)/A ratio, which in theory, under Crow’s assumptions, will make 
this determination, It is unfortunate that the difficulties discussed in the present 
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paper make it unlikely that the (B + A)/A ratio will answer the question in 


practice. 


This paper is dedicated to Dr. L. C. Dunn in appreciation of a cherished teacher, colleague, 
and friend. 

* This research was sponsored by the Office of Naval Research under contract Nonr-266(33), 
project NR 042-034. 
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VARIATIONAL BOUNDARY VALUE PROBLEMS FOR QUASI-LINEAR 
ELLIPTIC EQUATIONS, II* 


By Feix E. Browpert 
DEPARTMENT OF MATHEMATICS, YALE UNIVERSITY 


Communicated by A. Zygmund, July 29, 1963 


In a preceding note under a similar title,! which we shall refer to below as (I), 
we have presented a new form of the orthogonal projection method for solving 
variational boundary value problems for equations of the form 


Au = Dials < mF [aas(z, u, ..., D™u)D*u) = f. (1) 


It is our purpose in the present note to strengthen and generalize these results to 
equations of the form 


Au = Dole < wD*[A,.(z,u,...,D™u)] = f (2) 


while replacing the positivity assumptions of (1) by semiboundedness assumptions 
of the type which appear in the study of linear elliptic operators of order greater 
than two. In order to treat differential operators of the form (2), we shall study 
below properties of nonlinear operators in Hilbert space satisfying even weaker 
continuity conditions than those considered in (I). To treat the case of semi- 
boundedness rather than positivity, we consider the perturbation of such operators 
by compact operators. 
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Results on the existence of weak solutions of the Dirichlet problem for equations 
of the form (2) have been presented by M. I. Vishik in a series of Dokladi notes.? 
The method which he applies is quite different in nature from that presented below. 
For equations of the form (2) which arise as the Euler-Lagrange equations of a 
variational problem for a multiple integral of the form fF (x,u,...,D”u)dz, results 
concerning the existence of weak solutions have recently been announced in lectures 
by S. Smale as part of a generalization of the Morse theory for such variational 
problems. (In addition, a number of authors including Morrey, Stampacchia, 
Ladyzenskaya, Uraltzeva, Gilbarg, Serrin, and others have studied the case of 
second-order equations intensively, obtaining regularity as well as existence the- 
orems from extensions of the results of Di Giorgi and Nash and their improvements 
by J. Moser.) We shall consider the relation between our results and those of 
Vishik and Smale in detail in a later paper. 

Section 1.—We shall use the notation of our preceding note.! On the open set 2 
of R", we consider the quasi-linear elliptic differential operator of order 2m of the 
form 


Au = Dial cal’ 14{2, u, ..., 27 (2) 


where for each multi-index a = (a,...,@,), A, is a function of the independent 
variable x in 2 and of the function « on Q and all its derivatives of order less than or 
equal tom. We shall make the following assumption about the operator A: 

AssuMPTION 1. «The functions A, are continuous functions of all their arguments 
xr, u, and pz = D*u for la <m. There exists a continuous function g(r) of the real 
variable r (with g otherwise unrestricted) so that for uin W™?(Q), Dia) < mAalr,u(2),..., 
D™u(x)]? < g(\u lm) dois; < mD®u(x)?. 

To define a variational boundary value problem for the operator A, we assume 
given a closed subspace V of W™?(Q) which contains (,°(Q2). We state the basic 
ellipticity assumption upon the pair (A,V) by using the generalized Dirichlet form 
a(u,v) defined for u,v in W"?(Q) by 


a(uv) = Dial ¢w(Asam..., Du), FP). (3) 


We remark that this latter definition makes sense because Assumption (1) implies 
that A,(2,u,...,D”u) lies in L?(Q) for each u in W™?(Q). We now assume: 

AssUMPTION 2. Q is a bounded open set whose boundary is sufficiently smooth so 
that the imbedding map of W™?(Q) into W™~!?(Q) is compact. There exists a non- 
negative constant k and a nonincreasing positive function c(r) of the real variable r with 
Si” c(r)dr = + ©, such that for all u and uw in V, 


| or l {|| }|2 
Re \a(uju — m) — a(w,u — u)} > e(max {| eet | may | tea Lm D4 | fee — w;||2, — 


k||u - us| m —1|| _ ats||m} —k\lu — tt ||2,-1. 


The variational boundary value problem for the pair (A,V) is defined as before as 
follows: 

DEFINITION: Let f be an element of L?(Q) (or more generally an element of V*, i.e., 
a continuous linear functional on V). Then u is said to be a weak solution of the 
equation Au = f satisfying the null variational boundary conditions corresponding to 
the space V if and only if u lies in V and for all v in V, 
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a(uv) = (f, v). 


The basic results of the present note are the following Theorems whose proof is 
given in Section 3 using the results of Section 2 on nonlinear operators in Hilbert 
space. 

TuHeoreM 1. Let A be a quasi-linear elliptic differential operator of the form (2), 
V a subspace of W"?(Q) containing C.“(Q). Suppose that (A,V) satisfies Assump- 
tions (1) and (2) above, and that the solutions of Au = f under null (A,V)-boundary 
conditions are locally unique, 2.e., given uy in V, there exists a neighborhood N of uo 
such that if uand u, liein N and a(ujv) = a(u,v) for all v in V, then u must equal uw. 
Suppose further that there exists a nonincreasing positive function ¢,(r) with lim/r—-> © 
re(r) = + © such that 


9 


1} il wil 12 
Re la(u,u) | > €4(| |} | m) ||| | m 


oralluin V with |\ul|, > M. Then there exists one and only one solution u for the 
(A,V) boundary value problem for Au = f for every f in L?(Q) (07 in V*). 

THEOREM 2. Suppose that (A,V) satisfies Assumptions (1) and (2) with e(r) = 1 
in Assumption (2). Then there exists a finite dimensional subspace Fy of L?(Q) and a 
compact operator Cy in L?(Q) with range contained in Fy so that the set R of f in L*(Q) 
for which there exists a solution u of the (A,V)-boundary problem for Au = f, coincides 
with the range of 1 + Co. In particular, it follows that for each f in L?(Q), there exists 
fy in Fy such that f — fo € R. 

THEOREM 3. Suppose that (A,V) satisfies Assumptions (1) and (2) with k = 0 
in Assumption (2). Then the equation Au = f under null (A,V)-boundary condi- 
tions has one and enly one solution for each f in L?(Q) (or in V*). 

Section 2.—Let H be a Hilbert space with inner product (u,v). Let G be a map- 
ping of an open subset of H into H. 

DEFINITION: (G ts said to be hemi-continuous if it is a continuous mapping from 
any line segment in H into the weak topology of H. 

TueoreM 4. Let G be a hemi-continuous mapping of the open set D of H into H 
such that for a positive constant c and all u and u, in H, we have 


Re|G(u) — G(w), u — um] => c\lu _ ur||2. 


Then R, the image of D under G, is an open subset of H and G is an open mapping. 

Proof of Theorem 4: This is identical with the proof of Theorem 2 of (1).! 
We remark that the assumption of demicontinuity of G was used in that proof only 
in part (d), and there the hemi-continuity obviously suffices. 

THreorem 5. Let G be a hemi-continuous mapping of the Hilbert space H into 
itself such that for all u and u, in H 


Re [G(u) — G(m), u — w] > ¢ (max {{{ul!, ||ea|| yIlu — eal 


2 


where c(r) is a positive nonincreasing function of r for which f[,°e(r)dr = + ©. 

Then G is a one-to-one mapping of H onto H and has a continuous inverse defined 
on all of H which maps each bounded set into a bounded set. 

Proof of Theorem 5: This is derived from Theorem 4 by an argument identical 
with that by which Theorem 4 of (1) is derived from Theorem 2 of (I). 
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THEOREM 6. Let G be a hemi-continuous mapping of the Hilbert space H into 
itself which maps each bounded set into a bounded set. Suppose that there exists a 
compact self-adjoint operator C on H and a positive nonincreasing functicn c(r) of the 
real variable r with i c(r)dr = + ©, such that for all u and u, in H 
Re [G(u) — G(wm), u — um) + (Cu — Cu, u — uw) > e(max {| |u|, || ea] 1) | {a — u| *, 

Suppose that G is locally one-to-one. Suppose further that there exists a positive 
nonincreasing function ¢,(r) of real r with lim/r— © re\(r)dr = + © and a constant 
M > 0 such that 


Re|G(u), u] = ex(| {rel |)| {re} |? 


for | [xe] | > M. 

Then the range of G is equal to H, G is one-to-one, and G~' is continuous. 

Proof of Theorem6: Let Go(u) = G(u) + C(u). Then Gy satisfies the hypothesis 
of Theorem 5 so that G) maps onto H and G,~! exists is continuous. The equation 
(fu = w may be rewritten in the form 


G(u) = Gu) — C(u) = UT — CGy—') (Guu) = w. 


Since the range of (> is all of H, the range of G thus coincides with the range of the 
mapping (J — CG,~'). Since G)~! maps bounded sets into bounded sets and C is 
compact, it follows that CG)~! is compact. 

Moreover, (J — CG,~') is locally one-to-one. Indeed let vp be an element of H, 
Uy = Go~'vo. Then two elements v and 1 of a neighborhood N;, of vp will be mapped 
by (J — CG,~') into the same element if and only if (setting u = Go~'v, uw, = Go~'v;) 
(Go + Clu = (Go + C)u, ie., Gu = Gu. If N is a prescribed neighborhood of up, 
since Gp~' is continuous we may choose N; so that u and wu; lie in N. By the local 
one-to-one character of G, it follows that u = u, and hence v = 2. 

If we apply the Schauder Theorem on Invariance of Domain for one-to-one com- 
pletely continuous displacements in a Banach space,* we find that (J — CG)~') is 
an open mapping and its range is open in H, i.e., the range of Gis openin H. Since 
G,~! is continuous, Gp maps open sets onto open sets. It follows that G = Gy — C = 
(I — CG,~')G) also maps open sets onto open sets. 

Let T = (I — CG,~'). By the preceding paragraph, T is a local homeomorphism 
of H into H. To show that T is one-to-one and onto, which in turn would imply 
that G = TG) is one-to-one and onto, it suffices to show that T' is a covering mapping 
of H onto H since H is simply connected. By a result of the writer,‘ it suffices for 
this purpose to show that 7’ is a closed mapping of H into H, and this will follow 
if we can show that the inverse image under 7 of each compact subset of H is com- 
pact. Let Qo be a compact subset of H, Q = T~-'(Q)). To show that Q is compact, 
it suffices to show that Q is bounded since then QCQ» + Ci(Q), where C; = CGo~' is 
compact and Q being a closed subset of a compact set will be compact. Let Q: = 
Gy "(Q). Then Q; = G~'(Qo) and if Q; is bounded, GoQ: = Q will be bounded since 
by hypothesis G and hence G) maps bounded sets into bounded sets. Hence, 
finally, it suffices to show that Q; = G~'(Q») is bounded. 

For this last purpose, let u be a point of Q;. Then G(u) lies in Q, and hence 
'|G(u)|| < My. For ||ul| > 4, however, we know that Re (G(u), u] > e1(|{u||)| |e} |% 
Hence, for such wu, ¢1(|{ul|)||u||? < {]@(u)|-|| [rl], ie., ex({ {al |)| [ul] <M. By hy- 
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pothesis ¢(r)r > © asr—> ©. Hence, the inequality e1(||| |) < M,/||ul| implies 
that || | | < Ms, and the proof of the theorem is complete. 

THEOREM 7. Let G be a hemi-continuous mapping of the Hilbert space H into 
itself. Suppose that there exists a compact self-adjoint operator C on H and a constant 
c > 0 such that for all u and u, in H, 

Re [G(u) — G(w), u — wm] + [(C(u — w), u — wu) = c|lu — u,||?. (4) 
Then there exists a finite dimensicnal subspace Fy of H and a compact mapping Co 
with range contained in Fy such that the range R of G coincides with the range of (I + Co) 
and in particular 
R, Fo = H Fo. 

Proof of Theorem 7: Since C is compact and self-adjoint, there exists a self- 

adjoint operator C; of finite rank such that for all vin H 


c inl 
(Cov) < (Cy) + a {|v||2. 
Substituting » = uw — wu, in this last inequality and substituting in the inequality (4) 
above, we obtain 


c 
Re [G(u) — G(w), u — wm] + (Ci(u — uw), u — uw) => Pe Iu = us||?. (5) 


Letting G) = G + C; as in the proof of Theorem 6, we find that Gp is one-to-one, 
onto, and has a continuous inverse G)~' which maps bounded sets into bounded sets 
while the range of G@ coincides with the range of (J — CiGo~'). Setting Fy equal to 
the range of C; and Cy to be (—C,G)~'), the conclusion of the Theorem follows. 

Section 3.—To derive the theorems on existence of weak solutions of nonlinear 
elliptic boundary value problems stated in Section 1 from the Hilbert space the- 
orems proved in Section 2, we apply a method of translating variational boundary 
problems into functional equations similar to that of (1). The Hilbert space 
which we consider is the subspace V of W”?(Q) with the induced Hilbert space 
structure. 

We remark first that from Assumption (1), it follows that for each pair of elements 
u and v of W™?(Q), we have 

- 


/2 


Ja(uv)| < {g¢| [rel |) }°72] fre} | el fol | mee 


Furthermore, a(u,v) for fixed u is conjugate linear inv. Therefore, a(u,v) for fixed u 
is a bounded conjugate linear functional of v in V. By the Frechet-Riesz theorem 
for representation of bounded conjugate linear functionals on a Hilbert space, we 
have: 

DEFINITION: For each uin V, G(u) ts defined to be the unique element of V such that 

[G(u),0]m = a(u,v) 

for all vin V. 

From the inequality above, it follows that ||G(w)||n < {|e} | m gC [4 | me) we 


Lemma 1. I/t follows from the Assumption (2) on (A,V) that for every pair u and v 
of V, we have 
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Re |G(u) — Gv), u — vy] => c (max }|{w!|,,., ||o| v| lm} 4 | fee — v||2 — 
k|lu — v||n{|u — i — klju — of[2_, 


Proof of Lemma 1: This amounts simply to rewriting Assumption (2) using the 
definition of the mapping G. 

LemMa 2. Let f be an element of L?(Q) (or of V*). Then there exists a unique w in 
V such that for all v in V, (wv)m = (fv). Then u is a weak solution of the (A,V)- 
boundary problem for Au = f if and only if G(u) = 

Proof of Lemma 2: This is identical with the proof of Lemma 2 of (1). 

LemMa 3. Under the Assumption (1), the mapping G is a hemi-continuous mapping 
of V into V. 

Proof of Lemma 3: It suffices to show that for any pair of elements and w of V 
the mapping from the unit interval into V given by 


t—> G(u + tw) 
is continuous at ¢ = 0 into the weak topology of V. It suffices further to show 
that for any sequence ¢, — 0 and for any fixed v in V, the sequence [G(u + t,w),v] 
converges to [G(u),v]. Rewriting G in terms of a(u,v) and the latter in terms of the 
functions Ag, it suffices to consider the sequence 

(A (au + w,...,D"u + &D"w),D*v) 
for each fixed a with |a! < m and to show that it converges to 
(A,(a,u,...,D™u),D%). 

Consider the sequence of functions | A,(2,u + tw,...,D™u + &D"w)}. As k > 
©, this sequence converges almost everywhere to A,(x,u,...,D"u). Furthermore, 
we have the bound 


|Aq(x,u(x) + tw(r),...,D™u(x) + D™w(x)]\? < 
2g(||u + t,w|| m) Doig < m | |DPu(x) [2 oo | Dow 


so that the convergence follows by dominated convergence. 
Lemma 4. There exists a compact self-adjoint linear operator C on V such that for 
all u and v in V, we have 


e(max [|ul|m, |lella)[h« — ol]2 + (Clu — 0),u — om > 


c(max || ael | ms ||» lm) {fue — of [2 — kllu — v| | m| | — vl|n—1} — kllu — ||? 4. 


Proof of Lemma 4: The right side of the above inequality is obviously dominated 
by 


| 


c(max || | ms {|u| | wm) — killu — of |2-3. 


By the compactness of the imbedding of W"?(Q) into W"—!*(Q), there exists a 
compact self-adjoint linear operator C on V such that (Cu,v)m = (U,v)m—1. For 
this C, [((C(u — v),u — v)|n = Iu = v||2. 4, and the proof of Lemma 4 is complete. 

The proofs of Theorems 1, 2, and 3 of Section 1 now follow by translating their 
assertions into assertions concerning the mapping @ using Lemmas | through 4 of 
the present section and remarking that after this translation the results asserted 
follow from Theorems 4 through 7 of Section 2 
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ANALYSIS OF A NEW FORMALISM IN PERTURBATION THEORY* 
By T. A. Brown 
THE RAND CORPORATION, SANTA MONICA, CALIFORNIA 
Communicated by H. S. Vandiver, August 12, 1963 


1. Jntroduction.—A new method has recently been suggested by Bellman and 
Richardson! for studying equations of the form 


u=f+drT(u) (1) 


where f is a known function, u is unknown, A is a parameter, and 7’ is a linear 
transformation. This suggestion is based on the observation that, if u is a solution 
to (1), then 


mu) — Tf) +af1 T"(f) Fm | (2) 


T™+(u) —- T™+1(f)  T"+1(y) /T"+2(u) 


Thus, if the value of 7"(u)/7"*!(u) can be determined, the value of u/T7(u) 
can be determined recursively, and by combining this with (1), the value of u 
itself may be computed. If we make the assumption that 7”"(u)/7"*'(u) equals 
T"(f)/T"*'(f), then carrying out the above computation gives a sequence of con- 
vergents to a certain continued fraction. One could analyze the method by con- 
sidering this continued fraction, but in what follows we shall show that it is quite 
easy to evaluate and analyze the convergents themselves. 

2. Precise Definition of the Convergents——Characterize the function u, as 
follows: 


Tuy) _ TS) 
T+1(u,) — T*+(f) 


_ 1) _ Pyn/ Tg) 
~ pep) T af ee gee 


(k = 0,1,...,(n — 1), 


4, = —Jlu/Tun)] 
F [un/T'(uUn) | = N 
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Clearly the function u,, if it exists, will simply be the nth convergent discussed 
in the introduction. 
THEOREM 1. Jf u, exists, then 


"! m(T"(A 
Un = NT! 6 
un = ATO + arp — aEei(H « 
at fe ee 3 
Proof: The proof is by induction. The formula clearly holds forn = 1. As- 
sume it holds forn = k — 1. Replacing the condition that 


Tua) _ TH) 
Tua) ~ TO) " 


with the pair of conditions 
T* (ux) T*(f) 
T+) TH1(f)' 
T*-"(u)  T*-*(f) +) E T*~*(f)/T*(f) | 
Tu) —— ‘T*(f) T*(u)/T***(us) 


is equivalent to replacing 7*(f) (in the formula of form (6) for u,-1) with 


te! th 
PUNT) + MMO)? — Porgy 


(9) 


If we carry out this substitution, we find that u, also satisfies the formula (6), 
and thus the formula holds for all n. 

3. Properties of the un. 

THEOREM 2. Jf T"*'(f) = wT"(f) for some wp # 1/X, then u, ts a solution to (1). 

Proof: Substitute (6) directly into (1). 

THEOREM 3. Within the radius of convergence of the Neumann series, the sequence 
{un} converges to a solution of (1), if T’(f) — XT"*(f) is bounded away from zero 
uniformly. 

Proof: The radius of convergence of the Neumann series is the absolute value 
of the eigenvalue of 7 having the smallest norm. Thus, if \ is less than this 
eigenvalue, we may, by taking n sufficiently large, make the difference between 
u, and the nth partial sum of the Neumann series as small as we please. Thus, 
the sequence {un} converges to the same limit as the Neumann series, which is a 
solution of (1). 

THEOREM 4. Jf f = fi + fo, where T is continuous, T(fi) = mfi and |T*(fo)| < 
us|T*-'(fo)| (fork = 1,2 ...), wr > we > 0, ¥X ¥ 1/ms, |A] < 1/|uel, then {up} is a 
Cauchy sequence convergent to a solution of (1). 

Proof: If k is sufficiently large, it is a matter of straightforward computation 
to show that 

| (Or = mf? Salil — oe), 
Tf) — TH) ati — afl] ~ (1 — wll] 
Say that (10) holds for allk > N. Pickm>n>N. Now consider 


! 


= Cu". (10) 
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pa m—n—1 m—n{Jm/( f\)2 yin 
hn — te. 3 eeu: mn 


és 1] 
rh" j;=0 T™(f) ve AT™+'(f) T"(f) =v AT" *"(f) ( ) 


Simple computation shows that 


m—n—l x" T™ f 2 T” Gwe 
s= DY Tf) 4+ ~ | i] oe si [ (W)] ae 
i=0 T™(fi) — AT™*"( fi) T™( fr) — AT**+( fi) 


m—n—1 (pA)"—" l 
‘usr)! _ *f, = (. Z 
| p> (mA)! + ae a =| ma"fi (12) 


Thus, it follows, from (10) and the linearity of 7’, that 


m—n—1 


in — Us Um — Un — 8 ee ae ete 
\* = rn S y mod |* | wo ||| fo] + \\ |" "( | u2 |™ + 
/ ja 


C |u|" < al Ws + 2¢ |. (13) 
ae 1 — |ysd| 
Since Au! < 1 by hypothesis, this establishes that the sequence | u,} isa Cauchy 
sequence. Now to show that it converges to a solution of (1), we have only to 
show that for any e > 0, we can find an N such that if n > N, then 


| Un — AT(un) — fil <. 


This is equivalent to showing that 


TO — | me OO | < 


ly |n4a 
AY 


TM) — ATH) LING) — ATH) 


By applying the identity 


T*(f) had AT™+1(f,) — dan T"(fa) 


= 15 
Tf) —AT**(f) 1L—Am (1 — Am)(T*(f) — AT**(f))’ — 


we reduce (14) to 


| vlmtt  |AT™+(f2) — Aw T"(fo) a rf ene ~ ed (16) 
11 — Am] | 7™(f)/T"*(f) — dv 1 — AT**(f)/T*(f) Jil 


But since by assumption |) |"||7(/2)|| can be made as small as we please by 
taking n sufficiently great, it follows at once that (16) goes to zero as n becomes 
large. This concludes the proof. 

4. Examples.—(A) If T(f) = kf, where k is some constant, then by Theorem 2, 
every u, is an exact solution to (1) (provided \ # 1/k). 


: ; 2 -!1 ‘ : 
(B) Let the transformation 7’ be the matrix ai > which has eigenvalues 


land 3. Then the sequence {w,} will converge by Theorem 4 to a solution of (1), 
if |A| <1,A ¥ 1/3. If fis an eigenvector of 7’, then each u, will be an exact solu- 
tion of (1), unless \ is the reciprocal of the corresponding eigenvalue. This example 
shows that | u,} need not converge if \ is greater than the reciprocal of the second 
largest eigenvalue. (The reader is doubtless aware that the eigenvalue of a matrix 
corresponds to the reciprocal of the eigenvalue of an integral operator, which is the 
sense in which we used the term in the proof of Theorem 3.) 
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(C) The formula may be applied to a wide variety of integral equations. Even 
when the Neumann series converges, the sequence (6) will often converge faster. 

* This research is sponsored by the U.S. Air Force under Project RAND, contract AF 49(638)- 
700, monitored by the Directorate of Development Planning, Deputy Chief of Staff, Research 
and Development, Hq USAF. Views or conclusions contained in this Memorandum should 
not be interpreted as representing the official opinion or policy of the U.S. Air Force. 

1 Bellman, R., and J. M. Richardson, ‘‘A new formalism in perturbation theory using continued 
fractions,”’ these PRocEEDINGs, 48, 1913-1915 (1962). 


A NOTE ON THE DISTRIBUTION OF SUMS 
OF INDEPENDENT RANDOM VARIABLES* 


By L. Le Cam 
UNIVERSITY OF CALIFORNIA, BERKELEY 
Communicated by J. Neyman, August 1, 1963 


1. Introduction.—Let M be the space of finite signed measures on the real line 
considered as an algebra in which the multiplication operation is the usual con- 
volution product. The identity I of 9M is the probability measure giving mass 
unity to the point zero. For any measure y, let |u|) be its norm and let exp u be 
the exponential defined by the power series expansion. If u is a positive measure, 
we shall denote by pois » the Poisson expression pois » = exp {yu — ||u|\Z}. The 
usual general central limit theorem of probability theory may be considered a 
variant of the statement that if the probability measures P;, 7 = 1, 2, ... , ” are 
close to the identity I, then the convolution product I1,P, is close to the exponential 
pois { =P,}. 

The purpose of the present paper is to give a precise form to the above state- 
ment. The results given here are of course very closely related to previous results 
of Kolmogorov! and other authors. However, the existing relations are not en- 
tirely clear. 

An informal statement of the main result given below can be expressed as fol- 
lows. If F and G are two probability measures on the line, let p(F, @) be their 
Kolmogorov distance defined by p(F, @) = sup} | F\(—, x]} - Gi (—@, x]}| : 
—-x<r<+o 3 Let T'g be the modulus of continuity under shift defined by 
T'g(r) = sup{ o(G, SG); || < r} = sup {Gl(z, 2 + 7]; -—e <2 < of}, 
where S‘G is the measure G shifted by the amount ¢ Let |X,; j = 1,2, ...} be 
a finite sequence of independent random variables. Let P; be the distribution of 
X, and let P be the distribution P = I1,P, of the sum 7 = %,X;. Further, let 
Q = pois} ,P;}. If the variables X, are suitably centered and if there is a number 
7 such that both T'p(r) and sup, P;} | X,| > r} are small, then p(P, Q) is small. 
This can be interpreted as a statement to the effect that, whenever each X;, is 
negligible compared to 7’, then P and Q are close. 

In this form the above statement is analogous to the usual Normal convergence 
theorem, which can be stated in a form originating with Laplace and made precise 
by Paul Lévy? as follows: ‘‘Assume that \ is a number such that '/, S Tp(A) S 
3/5. For e> 0 let a(e) = P,{sup,;|X,| > aA}. If both ¢ and a(e) are small then 
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there is a Normal distribution G such that p(P, @) is small.”” Paul Lévy has also 
shown that, for Normal approximations and for appropriately centered variables, 
the condition that ¢ + a(e) be small is a necessary condition unless the individual 
P, are already close to Normal. 

It is clear that the roles played by the length «A in the Normal case and the 
length 7 such that ['p(r) be small in the general cases are quite similar. Unfor- 
tunately, it appears difficult to rephrase the general theorem in the stronger form 
available in the Normal situation. 

2. Variables Which Are Rarely Different from Zero.—Let {Pj; j = 1, 2, ...} 
be a finite sequence of probability measures on the line. 

THEOREM 1. Assume that P; = (1 — aj)I + ajM,; where a; € [0, 1] and where M; 
is a probability measure on the line. Let Q = exp |2,(P; — 1)} = pois M with M = 
Yjaj;M;. Then 

eo(P, Q) S Ka’? 
with K < 25 and a = sup; aj. 

Proof: It is easily seen that ||P — Q|| < 2 2,a,*, so that the theorem is of interest 
only when Y,a; is large. The proof of Theorem 1 appears to be complicated and 
will only be sketched very briefly. Assume 2a < 1, and let p; = a;(1 — a,)~!. 
Introduce the measures 


It is easily verified that 
P pois B = pois A = pois (7 + C) = Q pois C 
where C = A — M isa positive measure. The proof relies on the fact that B and 


C are both small compared to A. Let H = 2,8;M,; with 28; = —log(1 — p,?), 
and let 


K = Py set, 
~ 2 2k+2° ° 


It is first shown that the distance between P pois B and P pois (H + K) is of order 
a3, Further, let y; = p;?/(1 — p,;) and R = 2,y,M,;._ It isshown that the dis- 
tance between P pois (H + K) and P pois R is of the order a@/*. Finally, it is 
shown that the distance between pois A and pois (7 + R) is also of order a?/*. 

This gives a bound in terms of a'/* for the distance p[P pois R, Q pois R]. From 
this, a bound on p(P, Q) is easily obtainable. The procedure used for each of the 
intermediate steps is essentially the same for all of them. It is based on relations 
such as K < pA with p = a(l — a)~' which imply that pois A is more dispersed 
than a convolution of m measures equal to pois K, if mp < 1. Application of the 
concentration inequalities of Kolmogorov’ gives the desired results. 

TueoreM 2. Let |X,, j = 1, 2, ... } be independent random variables. Let 0 
be a nonnegative number. Let L; be the distribution of X;. Assume that there exist 
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numbers aje [0, 1] and probability measures M , and N, such that 

(1) Ly = (1 — a@j)M,; + ajNj. 

(2) M,\(—0, +0]} = 1. 

(3) faM,(dxr) = 0. 
Let P = M1,L, be the distribution of 2X, and let Q = exp} =;(L; — 1){.  Further- 
more, let T be the minimum of the moduli of continuity under shift Tp and Tg; then 


elP, Q] S ala(o)]* + br2/3(a) 


Sketch of proof: Let M,’ = a + (1 — aj)M,; and N,;’ = (1 — ay)l + aN;j. 
One can use as intermediate approximations to P the measure P’ = I1,M,'N,’. 
The product 11,4,’ can be approximated by pois | 2,./,’} as can be shown through 
the use of Normal approximations. The product II,N,’ can be approximated by 
pois | 2,N,’} according to Theorem 1. Collecting the inequalities gives the de- 
sired result. 

Corouuary. Let D2(6) = 3) f min [1, x?/e?|L,(dr). Then p(P, Q) S (51) [a'!* 
+ B'/8] with a = a(@) and BD*(6) = 1. 

This follows through an evaluation of 'g(@) which can be shown to satisfy the 
inequality D(6)T'9(6) < 6. 

The above Theorem 2 assumes that the variables X; suitably truncated have 
zero expectation. If this is not the case but if the expectations are small, another 
inequality can be obtained. 


witha S 5l and b S 15 and a(@) = sup, a. 


TueoreM 3. Let }X;; j = 1,2, ... , n} be independent random variables. Let 
P,, be the distribution of Xj. Assume that there are numbers aje {0, 1| and probability 
measures M ; and N; such that P; = (1 — aj)M; + ajN; and such that M ,; is entirely 
contained in an interval of length at most equal to @ which contains the origin of the line. 

Let a; = ff xM,(dx) and let D? = 3; f min{1, x?/e?|P,(dx). Finally, let be de- 
fined by 


6 = (2a) 62D*]-; 
then, for P = Il P; and Q = pois | =P;}, 

elP, Q] S (51) [a'/® + B3] + Sel’ 
with a = sup a; and B D? = 1. 


* This paper was prepared with the partial support of the U.S. Army Research Office (Durham), 
grant DA-ARO (D)-31-124-G83. 

1 Kolmogorov, A. N., ‘Deux théor®mes asymptotiques uniformes pour des sommes de variables 
aléatoires,”’ Teor. Veroyatnost., 1, 426-436 (1956). 

2 Lévy, Paul, Théorie de l’ Addition des Variables Aléatoires (Paris: Gauthier-Villars, 1937). 

3 Kolmogorov, A. N., “Sur les propriétés des fonctions de concentration de Paul Lévy,”’ Ann. 
Inst. H. Poincaré, 16, 27-34 (1958). 





MODELS OF THE FUNDAMENTAL THEOREM OF ARITHMETIC 
By AutBert A. MULLIN 
UNIVERSITY OF ILLINOIS, URBANA 
Communicated by H. S. Vandiver, August 12, 1963 


This paper announces various extensions of the author’s new formulaticn of 
the ‘Fundamental Theorem of Arithmetic” (abbreviated /'7'A )'~* so as to classify all 
multiplicative models of F7'A and to show new relations between additive number 
theory and multiplicative number theory. Further, certain connections are given 
between the theory to be presented, and algebra (especially ideal theory a la Kum- 
mer-Kronecker-Hilbert) and analysis (as concern limiting distributions for square- 
free numbers). In general, proofs are not given here. 

1. The basic method of the author is reflexive induction, i.e., applying a rule to 
a portion of the entity obtained from a prior application of that same rule. If 
a reflexive induction terminates in a finite number of steps, it is called a finite re- 
flexive induction, otherwise an infinite reflexive induction. For example, the Eucli- 
dean Algorithm is obtained from the Division Algorithm by finite reflexive induction 
upon the Division Algorithm; in full strength, Fermat’s method of infinite descent‘ 
makes use of an infinite reflexive induction to obtain the standard kind of contra- 
diction for a reductio ad absurdum proof. The new formulation of F7'A uses finite 
reflexive induction in that it applies the standard Gaussian model of F7'A,5 viz., 


n = pi*!-po™... -p$e, to a portion of itself, i.e., to the natural number exponents 
given by the Gaussian model, until the process terminates. Finiteness of the in- 
duction follows by the Well-ordering Principle. The final (unique) configuration of 
primes alone that represents a natural number is called a mosaic. For example, 
the mosaic of 10,000 is 2”°-5’, and consists of primes alone. 

Lema | (alternate formulation of FTA). There exists a 1-1 effectively calculable 
funetion® v from the natural numbers onto mosaics (identify 1 with the “empty” 


mosaic). 

Upon taking the simple product of the primes alone appearing in the mosaic of a 
natural number, one can define an interesting effectively calculable number-theo- 
retic function y from the natural numbers onto the natural numbers.* Tor example, 
recalling the mosaic of 10,000 given above, y (10,000) = 2-2-2-2-2-5 = 160, 
and y (s) = s for every square-free natural number s. 

LemMA 2. Let N be the set of all natural numbers, i.e., strictly positive integers. 
Put Y? = W(¥(-)), and define Y*, k > 3, recursively. Then 1y': ieN | is an infinite 
recursive set of effectively calculable number-theoretic functions, all intimately related 
to FTA. 

The proof of Lemma 2 depends, in part, upon 8. C. Kleene’s Basic Theorem con- 
cerning infinite recursive sets.” 

At this point we introduce additive notions into the context of FTA in the ob- 
vious way, viz., defining another integer-valued number-theoretic function y* 
by taking the simple swm of the primes alone that appear in the mosaic of a natural 
number. For example, y*(10,000) = 2+2+2+2+2+5 = 15, and y*(p) 
= p for every prime p. 

LemMA 3. y* is an effectively calculable number-theoretic function. y* (n) < 


604 
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y(n) <n for every neN. Upon defining y*(1) = 0, ¥* is “multiadditive”’ in the sense 
that y*(a-b) = y*(a) + ¥*(b), if (a,b) = 1. 

By analogy with Lemma 2, we have: 

Lemma 4. Put (y*)? = y*(p*(-)), and define (y*)*, k > 3, recursively. Then 
\(y*)': ieN } is an infinite recursive set of effectively calculable functions. Put N* = 
{neN:n > 2}. If p*|N* isan onto mapping, then {(p*)':ieN} is an infinite recursive 
set of effectively calculable functions, all associated with FTA. 

That {(y*)': ieN} is almost certainly infinite follows from 

Lemma 5. If Goldbach’s Conjecture is a theorem, then y*| N* is an onto mapping. 

Lemma 5 follows, since, under the hypothesis stated, every composite number 
would be representable as the sum of at most 3 primes but of at least 2 primes. Then 
recall that primes are invariant under y*. That the set 7s infinite follows from 
Schnirelmann’s Theorem. 

It should be clear that analogues of Lemmas 1, 2, and 4 occur in any infinite 
Unique Factorization Domain, e.g., any regular local ring, any field of rational fune- 
tions in any prescribed finite number of indeterminates over a field (over the ra- 
tional number field if one wishes to retain effective calculability). Further, the 
new model of F7'A as well as analogues of the y and y* functions are applicable to 
the Fundamental Theorem of Ideal Theory, viz., In the domain of all algebraic in- 
legers in an algebraic number field every nonzero ideal can be represented uniquely 
(except for order) as a product of powers of distinct prime ideals. Since ¥(s) = 8 
for every square-free natural number s, the standard distribution function is in- 
timately related to y, and thus the present theory bears on analytic number theory.® 

2. Starting from the primordial Euclidean form of FTA*® (n = p, pa: ... py) 
one can classify all other number-theoretic models of FTA into two forms, viz., 
a pure non-Euclidean form (in which a model is determined by primes alone as 
with the author’s mosaic model of F7'A given above) and a mized form (in which a 
model is determined, in general, by both primes and composites as with the stand- 
ard Gaussian model). Clearly there cannot be a “pure’’ composite model, since, 
by hypothesis, every model of F7'A contains at least one prime. Thus, the scheme 
of three forms exhausts all models of FTA. Clearly the mixed form consists of in- 
finitely many algorithmically determined mixed models of 7'A, of which the Gaus- 
sian model is but one exemplar. On the other hand, the author has been able to 
produce constructively only one pure non-Euclidean model of F7A from the pure 
non-Euclidean form, viz., the “mosaic model” given above in section 1.!° 


1 Mullin, A. A., “On a final multiplicative formulation of the Fundamental Theorem of Arith- 
metic,” Z. math. Logik Grundlagen Math., 10, no. 1 (1964). 

2 Mullin, A. A., “Remarks on mosaic law for unique factorization domains,’ Notices Amer. 
Math. Soc., 10, 367-368 (1963). 

3 Mullin, A. A., “Some related number-theoretic functions,’ Bull. Amer. Math. Soc., 69, 446- 
447 (1963). 

4See, e. g., Vandiver, H. S., ‘Some aspects of the Fermat problem,’”’ these PRocEEDINGs, 49, 
601-608 (1963). 

5 Gauss, C. F., Disquisitiones Arithmeticae, sec. 16, (1801). 

6 Post, E. L., ‘““Recursively enumerable sets of positive integers and their decision problems,”’ 
Bull. Amer. Math. Soc., 50, 284-316 (1944). 

7 Kleene, S. C., “General recursive functions of natural numbers,’’ Math. Ann., 112, 727-742 
(1936). 
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8 Mullin, A. A., “Bounds with the distribution of square-free integers,’’ Notices Amer. Math. 
Soc., 10, 358 (1963). 

® Heath, T. L., in Fuclid’s Elements (New York, 1956), vol. 2, Book LX, Proposition 14. 

10 Added in proof: Recently the author has established the infinitude of pure non-Euclidean 
models. In addition, he has established the recursive unsolvability of the decision problem as to 
pureness of an arbitrary model of F7'A. 


AN ANALYSIS OF SV40-INDUCED TRANSFORMATION OF 
HAMSTER KIDNEY TISSUE IN VITRO, I. GENERAL 
CHARACTERISTICS 


By Paut H. Buack aNnp WALLACE P. RowE 
NATIONAL INSTITUTE OF ALLERGY AND INFECTIOUS DISEASES, BETHESDA, MARYLAND 
Communicated by Robert J. Huebner, August 5, 1963 


Several reports have described transformation of newborn and adult Syrian 
hamster kidney and hamster embryo tissue cultures by the simian vacuolating 
virus SV40.'~* This report describes the effect of various factors on the rate of 
transformation of hamster kidney cell cultures, the tumors induced by transplanta- 
tion of transformed cells, and the pattern of virus recovery from the transformed 


cultures. 

Materials and Methods.—Virus: Strain 777 of SV40 was obtained from Dr. Paul Gerber, and 
virus stocks were prepared as previously described.6 The pools used in the majority of these 
experiments were derived from the 3rd, 4th, and 5th Cercopithecus kidney (African green monkey, 
AGMK) passages and had infectivity titers of 10®5, 104-8, and 105-8, TCIDs0/0.1 ml, respectively, 
as determined in AGMK cultures. Two pools of strain A426 were obtained from Dr. Bernice 
Eddy. One of these (A426-AGMK-5, HeLa-1) was derived from HeLa cell cultures chronically 
infected with SV40.° Prior to use, this pool was extracted with chloroform (see below). Infee- 
tivity titrations and viral isolation techniques have been described previously.® 

Hamster kidney cultures: Primary cultures of trypsin-dispersed kidney cells of weanling (WHK) 
and 15-16-day embryonic (EHK) Syrian hamsters were obtained from Microbiological Associates, 
Inc. Cultures grown in Eagle’s basal medium (BME) with 5% calf serum were maintained with 
one of the following media: (A) BME with 5% heated (56° 30 min) horse serum; (B) BME with 
5% heated calf serum; (C) BME with 5% unheated agammaglobulinic newborn calf serum;’ 
or (D) NCTC 109 with 10% unheated agammaglobulinic calf serum. All media contained 100 
uw penicillin and 100 ug streptomycin per ml. Media were changed twice weekly, and tubes were 
kept in a stationary position at 36°C. Cultures were examined 2-3 times each week and were 
held for at least 57 days. Culture fluids were saved each week and stored at —60° until tested 
for virus. 

Tests for virus: Four methods were used to test for virus in the hamster tissue cultures. (7) 
Supernatant fluids were tested by inoculation of 0.1 ml of the undiluted culture fluid into 2 or 
3 AGMK culture tubes. These cultures were observed 30-40 days, then frozen and thawed 2 or 
3 times, and the cell extracts passed to fresh AGMK cultures. (i7) Disrupted cells were tested 
as follows. Cultures were trypsinized, and the cells suspended in medium D (see above) to give 
3-4 X 10° cells/ml. The cells were disrupted by either freeze-thawing 2-3 times, sonicating for 
2 min, or exposing to 10% chloroform for 10 min at 0°C, followed by centrifugation at 1,000 rpm 
for 10 min. These extracts were then tested in AGMK cultures as described above. (777) Viable 
cultures were tested by a modification of the overlay method described by Eddy et al.’ and Gerber 
and Kirschstein.* Transformed cells were trypsinized and suspended in medium D; dilutions of 
the cell suspension were immediately inoculated into 3 or 4 tube cultures of AGMK. A 24-hr 
period of attachment was allowed before the medium was changed. These dual cultures were 
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observed for 4 weeks for development of the characteristic SV40 CPE in the AGMK portion. 
(iv) Tests for virus in tumors produced by cell transplants provided an additional method for 
determining the capacity of transformed cells to produce infectious virus (see next section). 

Transplantation of tissue culture cells: Cells were removed from the glass by trypsinization or 
scraping with a rubber policeman, and suspended in medium B. Approximate cell counts were 
made, and 0.5-1.0 ml of suspension inoculated into the subcutaneous tissue of the back of 3-4-week- 
old noninbred Syrian hamsters. The techniques used for assessment of size, preparation of tumor 
extracts, tests for virus, and histological examination have been described.® 

Results.—General description of transformation of hamster kidney cultures: The 
over-all pattern of transformation, observed throughout the present work, closely 
resembled that described in our initial experiment.? After a variable length of 
time, depending on various factors discussed below, several focal areas containing 
multinucleated giant cells appear within the infected cell sheet. Cellular prolifera- 
tion occurs 10-20 days later in some of the areas populated by the polykaryocytes. 
Frequently, only one focus of growth occurs in any single culture, but as many as 4 
have been observed. The new growth is composed chiefly of polygonal to tri- 
angular-shaped epithelioid cells, but spindled fibroblasts are also evident in the 
outgrowth. Many giant cells are present within the new growth. The pro- 
liferating tissue overgrows the adjacent cells and forms a multilayered, thickened 
patch of tissue which is visible macroscopically (Fig. 1). Concomitant with the 
new growth, the cultures begin to acidify 
more rapidly. During the next several 
months the transformed cells may obliterate 
the entire cell sheet; necrosis and retrac- 
tion often occur in the central, heaped-up 
areas, followed by regrowth of transformed 
cells. Tubes held as long as 153 days 
showed repeated cycles of growth, retraction, 
and regrowth. Of the more than 100 un- 
infected control cultures, none showed com- 
parable cell growth, and all degenerated 
“nonspecifically” in 40- 60 days. Wes. 1—Peeatestnnd? UIE callie, 

Factors affecting rapidity of transformation: 53 days after inoculation and 35 days after 
Table 1 summarizes the results of various the appearance of transformed cells. Un- 

Se: : stained. Note multinucleated giant cells 
tests of SV40 in hamster kidney monolayer and piling up of cells. X 45. 
cultures, and permits some evaluation of the 
relative influence of several experimental variables on the reproducibility and rapid- 
ity of transformation. In this table, each experiment number refers to a differ- 
ent lot of kidney cultures. 

The composition of the medium was of much importance. With Medium A, 
results were variable, and in expt. 6-12 only a small proportion of cultures showed 
transformation. Cultures maintained in Medium B occasionally transformed 
relatively early, but only 3 of 17 cultures transformed. In the media (C and D) 
containing unheated agammaglobulinic calf serum, 38 (95 per cent) of 40 cultures 
receiving unheated, undiluted virus preparations showed transformation; expt. 
11-14 indicated that the response occurred more rapidly in Medium D than C. 

With the optimal medium, there was no marked variation in response between 
different batches of cultures infected under comparable conditions, as shown by 
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comparison of expts. 11-14 Medium D with 11-28, 1—5 with 2-28 WHK, and 2-4 
with 2-28 EHK (Table 1). 

Since SV40 is primarily tumorigenic in the newborn period,'® comparisons were 
made of the rapidity of transformation in cells derived from embryos as compared 
with cells from weanling hamsters (expt. 2-28, Table 1). With both SV40 strains, 
there was no marked difference between the rapidity of transformation in EHK and 
WHK, but the EHK cultures tended to respond somewhat more quickly. 

The effect of virus dosage is seen in expt. 4-30 in Table 1. The undiluted virus 
material of strain A-426 (107-6 TCIDso inoculum) produced relatively rapid trans- 
formation, but a 10~? dilution thereof produced transformation in only two of four 
cultures, and with a longer latent period. No transformation occurred with the 
10-4 dilution of this pool. With strain 777, used in doses of 10**-10°-° TCIDs5 
per culture, new growth appeared as quickly as with 107-6 TCI Ds» of strain A-426, 
as shown most clearly in expt. 2-28. These findings suggest that various SV40 
strains differ in ability to transform or, less likely, that an additional factor in 
undiluted culture fluids is necessary for rapid transformation. 

Specificity of SV40 transformation: In order to determine the specificity of both 
the giant cell and transformation responses, and to attempt to rid the pools of any 
potential contaminating simian agents, several procedures were carried out upon 
the virus pools. In contrast to most viruses, SV40 is relatively stable to heat at 
56°C for 30 min; in addition, it is resistant to treatment with chloroform. The 
two agents (SV5 and the SA; virus") which occur in AGMK cultures and produce 
syncytial giant cells are inactivated by these procedures. Heating SV40 virus at 
56°C for 30 min did not prevent giant cell formation or transformation, but did 
delay the effects (Table 1, expt. 2-4); the data of Sweet and Hilleman" indicate 
that this heat exposure would reduce infectivity titer by about 6-fold. Heating 
at 60°C for 30 min destroyed ability to transform (Table 1, expt. 11-28). A pool 
treated with chloroform produced giant cells and transformation at the same time 
as in cultures infected with untreated virus (Table 1, expts. 11-14 Medium D and 
11-28). 

Further evidence of the specificity of the effect was provided by a neutralization 
test with hyperimmune anti-SV40 rabbit serum. WHK cultures were inoculated 
with 0.2 ml of mixtures containing 10°-* TCID 59 of SV40 and 2 per cent immune or 
normal rabbit serum. The immune serum had a neutralizing antibody titer of at 
least 1:2560. The 4 cultures which received neutralized virus also contained 0.5 
per cent rabbit antiserum in the maintenance medium, and were maintained con- 
tinuously in antibody-containing medium. Transformation did not occur in these 
cultures during a 60-day period of observation, but occurred in all 4 control cultures 
within 17-24 days (Table 1, expt. 1-5). 

Continuous cell line of transformed cells: As described previously,’ a transformed 
culture in expt. 4-18 was trypsinized 69 days after inoculation, and a cell line 
established. This line, referred to as THK-1, is currently in the 73rd passage. 
The cell line is highly pleomorphic, consisting predominantly of triangular to 
polygonal-shaped “epithelioid” cells, with many spindle-shaped cells as well. 
The nuclei are large and pleomorphic with an increased number of nucleoli. The 
cells grow rapidly in a disorderly fashion and pile up on each other with the forma- 
tion of thickened, nodular, growth centers which are macroscopically visible. 
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TABLE 2 
Tests FoR Virus In HaMsTeER KipNEY CULTURES BEFORE AND AFTER TRANSFORMATION 


—_--—————— Cell Passages (Tests for Virus)———____-__ 
Tumor 
extracts 


Original Culture——. (no. 
Test of Test of tumors 
Days supernatant* Days supernatant : positive/ 
after Day CPE Pass- after Day CPE Dis- Overlay method no. 
inoce- first age orig. first rupted (no. cells) tumors 
ulation Results observed no. inoc. Results observed cells 105.2 1042 = 103-2 tested) 
3 6 
6 6 
9 
13 
20 
27 
37t 
48 
58 
69 


+++++++4+4+ 


_ 
moO esssss 
+ 


18, Neg. 
18, 21 

25, Neg. 
18, Neg. 


Te OS ND 


—) 


96 

104 

108 

114 

120 

134 

142 

153 Neg. 

204 nis 
35 279 ss 
51 364 ~ 
59 384 $2 
66 401 gi 

* Pooled fluids from 2 culture tubes. 

+ Transformation noted 31 and 34 days after inoculation. 


t 102-2 TCIDw/0.1 ml culture fluid. 
§ 102-9 TCI Ds/0.1 ml, representing extract of 3-4 X 10° cells. 


yn 


~e ~ 
oor OS 


18 
24 


Giant cells with 30-40 aggregated nuclei in the central portions are present within 
the cell sheet. These characteristics noted in the earliest passages? have been 
maintained through the present passage level. 

Detailed cytogenetic studies of this continuous cell line have been reported else- 
where.'* Marked, progressive chromosomal changes consisting of both numerical 
and morphological alterations were described. No stem line was detectable after 
18 passages. 

Transplantation to weanling hamsters was done with THK-1 cells at the 3rd, 
8th, 15th, and 16th passage levels. The inoculating dose was generally 10° cells; 
the smallest inoculum was 10° cells. Tumors developed in all animals, being first 
evident at 3—4 weeks, and attaining a diameter of 1 em by the 6th-7th week. There 
was no difference in growth characteristics between tumors induced with cells of 
different passage levels. Virus was isolated from extracts of 4 of 8 tumors; these 
virus-positive tumors arose from cells from the 3rd, 15th, and 16th passages (see 
Table 2). As judged from the latent period of CPE in AGMK cultures, about 
10-100 TCIDs of virus/0.1 ml tumor suspension were present. No tumors arose 
over a 4-month period of observation when 10° normal WHK cells were inoculated 
subcutaneously into hamsters of comparable age. 
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The tumors induced with THK-1 cells were round to ovoid, lobular, and yellow 
to gray in color. They remained fairly well localized and were easily dissected out 
despite their large size, which often attained 5-7 cm diameter. The central por- 
tions frequently were composed of a sharply circumscribed core of necrosis. Grossly, 
there was no evidence of metastases. 

Microscopically, 3 of 8 tumors were purely sarcomatous, having highly cellular 
areas of undifferentiated cells and other areas resembling fibrosarcoma. The re- 
maining 5 tumors had, in addition to sarcomatous cells, areas of undifferentiated 
carcinoma and frank adenocarcinoma (Fig. 2). All tumors had many multi- 


atv Vie 


Fig. 2.—(A) Mixed tumor arising from transplantation of THK-1 cells in the third passage, 


showing area of epithelial differentiation into tubular structures. H&E stain <7i.5. (B) 
Fibrosarcoma arising from transplantation of THK-1 cells in the third passage. H&E stain <71.5. 


nucleated giant cells. In one animal, serial biopsies from the same tumor showed 
both epithelial and sarcomatous elements on one biopsy, and only sarcoma cells on a 
later biopsy. The tumors frequently showed microscopic invasion of blood vessels 
and adjacent muscle, but no metastases were observed in microscopic sections of 
representative portions of most of the viscera of 4 animals. 

Presence of virus in infected cultures: Virus was readily recovered from culture 
fluids of the WHK and EHK primary cultures for at least 2-3 months. The amount 
of virus tended to decline somewhat as the proportion of transformed cells increased. 
Inoculated cultures which did not undergo transformation also elaborated virus for 
prolonged periods. 

Table 2 summarizes the attempts to recover virus from the cultures in the original 
transformation expt. 4-18? and from the continuous cell line THK-1 derived there- 
from. The progressive decline in virus titer in the original culture tubes after 
transformation began is evident. Virus was also recovered from culture fluids of 
the first 3 cell passages, but in distinctly lesser amount than from primary cultures 
which had not been trypsinized. Supernatant fluids from the continuous cell 
line were thereafter consistently negative. Virus was recovered from the disrupted 
cell pack at the 24th passage, but not at the 51st or 59th passages. That virus is 
continuously present in this cell line in some form is also shown by the recovery of 
virus by the overlay method and from the transplant-induced tumors. Thus, the 
carriage of virus in subinfective form or amount in the transformed cell line re- 
sembled closely that described for SV40 tumors induced in vivo.®: 14. 5 
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Discussion.—lrom the experiments described above, certain conclusions can be 
made concerning the variables affecting transformation of hamster kidney tissue 
cultures by SV40. The composition of the medium was an important factor af- 
fecting both the reproducibility and the latent period before transformed cells 
appeared. The best medium of those tested consisted of NCTC 109 with 10 per 
cent uninactivated agammaglobulinic calf serum; it seems likely that other media 
could result in even more rapid transformation. The differences between sera with 
regard to their effect on rapidity of transformation was not attributable to virus 
inhibitors in the sera (unpublished data). For a given SV40 strain, dosage of virus 
was also a major factor; however, the two strains of SV40 employed differed mark- 
edly in ability to transform when used in comparable dosage. The age of the 
hamsters from which the kidney tissue was obtained did not markedly affect the 
latent period. 

No efforts have as yet been made to determine the efficiency of transformation. 
The proportion of cells transformed is probably extremely small, since only 1—4 
foci of new growth appear in cultures containing about 10° cells. This low fre- 
quency of transformation may reflect differences in physiological state of cells, 
as thought to be the reason for the low transformation frequency with polyoma 
virus,'® or susceptibility of only one cell type of the several present in primary 
kidney cultures. 

Since both epithelioid and fibroblastic elements were present in the outgrowth of 
transformed cells and in many of the tumors derived therefrom, it was originally 
assumed that two cell types were transformed. However, evidence will be pre- 


sented in the subsequent report” indicating that the mixed tumors were not derived 
from mixtures of transformed cell types. 

Mixed tumors arising from transplantation of SV40 transformed newborn ham- 
ster kidney cells were also described by Rabson and Kirschstein;' however, the 
tumors obtained from transformed newborn hamster kidney cells by Shein and 
Iinders were described as adenocarcinomas,* and some of our tumors were purely 


sarcomatous. 

The proliferation of SV40 in hamster kidney cultures is in marked contrast to 
the lack of virus proliferation in the pretumor period following inoculation of SV40 
into suckling hamsters.®:* After subcultivation of transformed cultures, the 
amount of recoverable virus declined progressively, suggesting that the infectivity 
was derived primarily from the nontransfermed cells, which cannot be maintained 
in serial transfer. After the third passage of the THK-1 cell line, no virus was 
detected at any time in the supernatant culture fluids. In late passages, no virus 
was demonstrable in cell extracts, but could be detected by growing the cells on 
AGMK cultures. Thus, in this respect the cell-virus relationship in the trans- 
formed cell line closely resembled that in primary SV40-induced hamster tu- 
mors.* 4) > The fact that SV40 can be recovered consistently from passage lines 
of transformed cells only by the overlay method*: * may explain the negative findings 
of Shein e¢ al.,? and Ashkenazi and Melnick.‘ 

The chronic production of virus in the primary cultures may be one of the reasons 
for the occasionally long latent period before transformation, in that cells are being 
continually exposed to virus. On the other hand, the long latent periods may be 
similar to the delayed appearance of transformation by polyoma virus, where it 
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seems clear that the input virus alone provided the stimulus.'* ‘The close associa- 
tion of foci of giant cells with sites of subsequent transformation may also be related 
to this chronic infectious process; if the giant cells are sites of maximal virus growth, 
the neighboring cells may be most affected. In this connection, Shein et al.* noted 
that nuclei of the early giant cells consistently showed immune fluorescence with 
anti-SV40 rabbit serum. 

Summary.—When hamster kidney monolayers are exposed to the simian vac- 
uolating virus—SV40, abnormal proliferation of tissue occurs after a variable latent 
period. The length of the latent period is dependent on the type of medium, virus 
strain, and dosage of virus used. The transformed cells produce mixed tumors 
(carcinosarcomas) when transplanted to hamsters. SV40 proliferated continually 
in the primary cultures and became progressively more difficult to detect in trans- 
formed cultures; in late passages of transformed cells, virus could only be recovered 
when these were planted directly on Cercopithecus kidney monolayers. 


The authors are grateful to Mr. Richard Maloof for technical assistance and to Mr. John 


McGuire for microphotography. 
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REACTIONS OF NORMAL AND TUMOR CELL SURFACES TO ENZYMES, 
I. WHEAT-GERM LIPASE AND ASSOCIATED 
MUCOPOLYSACCHARIDES* + 


By Josepn C. Aus, Caron Trestau, AND ANN LANKESTER 
MASSACHUSETTS GENERAL HOSPITAL, BOSTON 


Communicated August 2, 1963 


Within the last few years many scientists have focused their attention on the 
nature of the cell membrane. It is well established that cellular adhesions and 
interactions are largely dependent on the surface properties of cells. With the 
observation that neoplastic cells differ from normal cells in the nature of these 
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reactions, the cell surface was implicated as an important factor in the assumption 
of a neoplastic state. The pioneering work of such men as Coman, Abercrombie, 
Kasty, and Ambrose, in establishing certain major differences in normal and neo- 
plastic cell surface structure, further underlined the importance of the cell mem- 
brane. ! 4, 6, 8—10, 12, 13 

This laboratory has recently been interested in the nature of cell surfaces and 
the changes taking place in them during malignancy. The electron microscope 
proved valuable in the study of the uptake of ferritin particles by tumor cells,** 
but provided minimal information on the chemical nature of the tumor cell mem- 
brane. We therefore turned our attention to the study of the reaction of cell 
surfaces to enzymes, working on the theory that if isolated normal and tumor cells 
of comparable derivation respond differently to the same substance under care- 
fully controlled conditions, the nature of the response and of the substance causing 
the response might throw light on the chemical structure of the tumor cell membrane. 


Materials and Methods.—ells for study: Isolated normal and tumor cells derived from com- 
parable cell types were needed for these observations. Normal rat and mouse thymocytes were 
selected for comparison with lymphoma tumor cells, and tissue culture fibroblasts for comparison 
with Ehrlich ascites tumor cells. Normal mouse thymocytes were harvested in phosphate buf- 
fered saline (PBS) and isolated by the method of Roof and Aub® from the thymuses of five-week- 
old Swiss mice; normal rat thymocytes were harvested in the same manner from five-week-old 
Wistar rats; normal fibroblasts, L-wild strain, were grown in tissue culture ‘‘Spinners”’ in supple- 
mented'’ Eagle’s Minimal Essential Media and later transferred into PBS for the experiments; 
L-C, lymphoma cells (malignant thymocytes) were transplanted intraperitoneally into six-week- 
old Swiss (or ALN and A strain) interbred white mice, and after seven days the peritoneal fluid 
was collected in PBS from the freshly killed mice; Ehrlich ascites hyperdiploid malignant mouse 
fibroblasts were transplanted by intraperitoneal injection of 0.25 ce into six-week old-Swiss mice 
and harvested in the same manner as the lymphoma tumor cells. 

Enzyme preparations: The following enzymes were used in this series of experiments: (1) 
phospholipase-D PL-D from C. F. Boehringer and Soehne GmbH, Mannheim; (2) porcine pan- 
creatic lipase from California Corporation for Biochemical Research; and (3) wheat-germ lipase, 
Grade B, from California Corporation for Biochemical Research and from Sigma Corporation. 

Experimental preparation: The harvested cells were suspended in PBS by aspiration with a 
glass pipette, centrifuged for 5 min at 900 rpm, the supernatant poured off, and the cells resuspended 
in 20 ml of PBS: washing and centrifugation were repeated three times. The cells were then 
suspended in 10 ml. of PBS, counted, and diluted with PBS to the required cell concentrations. 
An aliquot of 0.9 ml. of cells/ml PBS solution was combined in a beaker with 0.1 ml of the enzyme 
being tested, and the cell-enzyme solution incubated at room temperature for 10 min. <A 0.05 
ml drop of this solution was then placed on a cover glass and enclosed in a Sykes-Moore cell 
chamber (Bellco Glass Co.); the hanging drop was observed immediately with the phase contrast 
microscope, and at 15-min intervals for several hours. This simple procedure and the use of the 
Sykes-Moore cell chamber allowed for controlled variations of the cell concentrations, the pH of 
the solution, the nature of the buffer, the amount of calcium in the media, the concentration of the 
enzymes, the temperature of the enzyme solution, the incubation time, etc. The effect on the cells 
of these variations could be easily and promptly observed in the microscope with minimal effects 
due to evaporation. 

Determination of wheat-germ lipase activity: The activity of wheat-germ lipase was determined in 
a Warburg apparatus according to a modification of the method described by Singer and Hofstee.” 
The experiment was conducted at 38°C, pH 7.4, oscillations 150/min, gas phase 95% Ne and 5% 
COs; 1.6 ml of 25.0 mg/ml solution of lipase was incubated with 0.046 ml of triacetin dissolved in 
2.35 ml of 0.025 M NaHCO; solution plus 1% gelatin. 

Results were expressed in terms of yliters of CO, liberated by lipase from the substrate at 5-min 
intervals for one hour. 

(1) Inactivation of wheat-germ lipase with p-chloromercuribenzoic acid (p-CMB): Lipase was in- 
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activated according to the procedure of Singer:** 0.6 ml of a 3.3 mg/ml solution of lipase was 
incubated for 20 min with 0.4 ml of 0.025 M Na HCO, and 2.0 ml of 4.5 10> p-CMB in the 
body of a Warburg flask. 0.02 ml of 0.02 M triacetin was added to the solution, and the uliters 
of CO, liberated from the substrate during one hour were determined. 

(2) Inactivation of wheat-germ lipase with heat: Two ml aliquots of 5.0 mg/ml lipase in PBS were 
placed in beakers and incubated for 15 min in a Dubnoff metabolic shaking incubator at temper- 
atures of 45-85°C. After incubation, the solutions were centrifuged at 2,500 rpm for 10 min, and 
the precipitate discarded. A 0.6 ml of the supernatant from each aliquot was incubated with the 
triacetin substrate, and its lipolytic activity was determined as described above. 

Results.—When phospholipase-D and porcine pancreatic lipase were tested in con- 
centrations ranging from 0.01 to 7.0 mg enzyme/ml of cell solution, no effects were 
observed on the cells. However, upon the addition of wheat-germ lipase to a sus- 
pension of isolated cells, it was observed that tumor cells were attracted to one an- 
other, forming a tightly bound clump of cells which, once formed, could not be dis- 
sociated by agitation, the addition of proteolytic enzymes, or EDTA. Normal cells 
exposed to comparable concentrations of the enzyme remained almost entirely iso- 
lated. (See illustrations.) The cell membranes, though closely bound, appeared to 
remain intact. No mucinous coagulum was observed upon the addition of proteo- 
lytic enzymes. The viability of the cells was unaltered, as indicated by the com- 
parable impermeability to nigrosin of the control and enzyme-exposed cells and by 
the continued ability of the agglutinated cells to produce tumor when 0.25 ce of 
agglutinated solution was injected intraperitoneally into a mouse. 

Table 1 indicates the degree of clumping of normal and tumor cells when exposed 
to varying dilutions of supernatant from heated wheat-germ lipase. The reason 
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Fia. 3.—Normal cells, Fia, 4.—Normal cells with lipase. 
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TABLE 1 


THe DeGrReEE or CLUMPING OF NORMAL AND TumMOoR CELLS SUSPENDED IN 
Ditutions oF HEATED “Lipase’’* 


-Normal——---— Tumor 


Rat Mouse Mouse 
Heated thymocytes thymocytes fibroblasts Mouse L¢l Mouse 
“lipase”’* 5 X 106 (5 xX 106 (1 xX 106 lymphoma Ehrlich ascites 
(ml/ml of cells) cells/ml) cells/ml) cells/ml) (1 & 106 cells/ml) (1 X 10° cells/ml) 
0.100 ia — Fis ce ah 
0.075 0 +- $+ + ~ 
0.050 0 “+ 
0.025 0 + 
0.010 0 0 
0.0075 0 0 
0.0050 0 0 
0.0025 0 0 
0.0010 0 0 
0.00075 0 0 


+++4++4+44+ 
++++4+4+ 
tH Ht 


0 
0 
0 


~_ 


* 10 mgm/ml wheat germ lipase heated to 65°C for 15 min; centrifuged; supernatant used. 

+ refers to the presence in the drop of only afew agglutinated cells, the majority of the cells remaining isolated; 
+ + indicates the presence of a greater number of small clumps; + -+ + indicates that all cells are clumped in small 
groups; +++-+ (Table 2 only) indicates massive agglutination of all cells. 


for correlating clumping with dilutions of supernatant of lipase heated to 65°C 
rather than with mg/ml of unheated lipase solution will be discussed below. 

It can be seen in the table that at all dilutions of “heated lipase supernatant”’ 
tumor cells clumped far more than normal cells. Normal cells stop clumping at a 
dilution of 0.01-0.05 ml of lipase supernatant, while tumor cells stop at 0.001- 
0.005 ml, or a dilution factor of 10. In some of our experiments, fibroblasts were 
found to clump slightly more than normal cells, thereby raising the average 
degree of clumping for this type of cell as indicated in the chart. It has been 
suggested that “‘tumor-like” alterations of the cell membranes occur when some 
cells are grown in tissue culture. Transplantation of these tissue-culture-grown 
fibroblasts into the abdominal cavity of mice occasionally results in tumor cell 
growth. Therefore, we think that these fibroblasts were not purely benign cells, but 
were a mixture of normal and occasional tumor cells which produced an intermediate 
clumping reaction as indicated in Table 1. Not only does this differential clumping 
reaction hold true for the cells tested here, but for human normal and leukemic 
white blood cells as well.® 

The average surface area of the normal and tumor cells was determined, and 
it was found that rat and mouse thymocytes were approximately five times smaller 
than the other cells. Therefore, in most of the experiments, the cell concentrations 
used were 5 X 10° cells/ml for thymocytes and 1 X 10° cells/ml for other cells. 
To be sure that the observed differential clumping reaction was not merely a result 
of this variation in cell size or of the concentration of the cells used, the degree of 
cell clumping was determined at various concentrations of normal and tumor cells. 
Table 2 indicates that tumor cells even in very dilute concentrations are still much 
more reactive to wheat-germ lipase than normal cells. As tumor cell concentration 
increased, massiveness of the clumping increased; but normal cells, even though 
clearly adjacent, tended to remain almost unattached. 

Other factors that might have had an effect on the clumping reaction were 
tested. It was found that tumor cells clumped as effectively in Tyrodes buffer 
and Versene as in PBS, although cells remained viable longer in the PBS. Addition 
of calcium to the media or its removal by EDTA had no effect on the degree of 
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TABLE 2 
Errecr OF THE VARIATION IN CELL CONCENTRATION ON THE DEGREE OF 
CLuMPING BY HEATED “Lipase” 


Heated 
“lipase” -— Mouse thymocytes (cells/ml) P — Mouse lymphoma (cells/ml) - 
(ml/ml of cells) 1 * 10° 5 X 108 10 XK 10° 5 X& 108 1 x 10° 5 x 10° 
0.100 + + } +4 +++ reer 
0.075 + + + + + +++ 1 ei 
0.050 0 + + ++ ++4 +++ 
0.025 0 0 + + abe of of hecbik. 
0.010 0 0 + + al ie 
0.0075 0 0 0 $+ 4. 4. be al. 
0.0050 0 0 0 =a + +. 
0.0025 0 0 0 0 0 0 
0.0010 0 0 0 0 0 0 
0.00075 0 0 0 0 0 0 


agglutination. The reaction was unaltered by incubation of the enzyme solution 
in temperatures up to 75° or by alteration of the pH (within physiological limits for 
cell viability). The reaction appeared to be tumor cell specific, for when normal 
and tumor cells were mixed in the same chamber, only the tumor cells agglutinated. 

Further analysis of the nature of the reaction taking place at the cell surface 
necessitated an assay of the wheat-germ lipase for lipolytic activity. Several 
aliquots of two commercial preparations of wheat-germ lipase were assayed in the 
Warburg apparatus according to a method described by Singer and Hofstee.* 
It was found that lipase made by Sigma Company generated 179 ul CO./mg of 
lipase in one hr, while California Biochemical lipase generated only 62 ul CO./mg 
in the same period. However, when the activities of these two preparations were 
correlated with their ability to agglutinate tumor cells, it was discovered that the 
California Biochemical preparation was the more effective. These results led us to 
wonder whether the lipolytic portion of the lipase were responsible for the clumping. 
We therefore undertook to inactivate the lipolytic portion of the enzyme and test the 
remaining solution for clumping effectiveness. Addition of p-chloromercuribenzoic 
acid to the lipase resulted in 85 per cent inhibition of lipolytic activity. But this 
“inactivated” lipase continued to clump cells as effectively as untreated lipase. 
Table 3 shows the effect of heat inactivation on the degree of clumping. It can 
be seen that lipase activity decreased markedly with increasing temperature and 
ceased entirely at 60°C, while the clumping factor was not inactivated until 75°C. 
Cell clumping and lipolytic activity appeared to have no correlation. Until this 
time, cell clumping had been correlated with mg/ml lipase solution. When it was 
found that heating lipase to 65°C removed most of the protein but left the clumping 
factor intact, we decided to express the degree of clumping in terms of ml of heated 
lipase solution added to the cells. 


TABLE 3 
INACTIVATION OF LIPASE BY HEAT: CoMPARISON OF LIPASE ACTIVITY AND CELL CLUMPING 


Preincubation of 


lipase for 15 min Lipase activity Ehrlich ascites cells 
(temperature—°C) (% of control) (degree of clumping) 
24 100.0 +++ 
45 52.0 +++ 
55 24.0 a as a 
60 2.5 cn at a 
65 0 ++ 
75 0 0 
85 0 0 
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Discussion.—We have found a substance, present in the supernatant of heated 
wheat-germ lipase, which, so far, appears to be tumor cell specific. When this 
substance is added in comparable concentrations to suspensions of normal and tumor 
cells, it causes the agglutination of the tumor cells while the normal cells remain 
almost completely isolated. 

The fact that the tumor cells, although agglutinated, appear to retain their 
viability and tumor-producing capacities seems to indicate that the agglutination 
is not a result of cellular destruction or alteration of metabolic processes but is 
rather a surface phenomenon. Other substances usually classified as hemagglu- 
tinins or lectins, which cause the agglutination of cells, have been described.? 
Many of these substances are plant-derived and produce their agglutinating effect 
by reacting with specific antigenic groups on the surfaces of red blood cells.”: *! 
Perhaps we, too, are dealing with such an antigenic reaction, but thus far we have 
been unable to find any mention in the literature of a plant agglutinin known to 
react specifically with tumor cells. 

This laboratory is now undertaking a thorough chemical analysis of the clumping 
factor, in the hope that further knowledge of its chemical composition will serve as a 
means toward an understanding of the nature of the agglutination reaction. Our 
experiments thus far seem to indicate that the clumping factor is not a lipase. Of 
all the lipases tested, only wheat-germ lipase elicited agglutination of tumor cells, 
but inactivation of this wheat-germ lipase failed to inactivate the clumping factor. 
Coman has suggested that calcium is a major factor in cellular adhesions; however, 
addition of calcium to our suspending media or its removal by EDTA failed to affect 
the agglutination reaction. Subsequent dialysis of the wheat-germ lipase solution 
indicated that our clumping factor was a large molecule and therefore not a metal. 
Preliminary laboratory reports at this time indicate that our clumping factor may 
be a mucopolysaccharide capable of being inactivated by periodic acid. Other in- 
vestigators have implicated mucopolysaccharides in cellular interactions and 
adhesions'*'* and have suggested that a change in their nature might play a role in 
the assumption of the metastatic state.~'’ If our clumping factor is a mucopoly- 
saccharide, the similarity between it and plant agglutinins would be further under- 
lined, as would the possibility that we are dealing with an antigenic response of 
tumor specific antigens. 

We do not at this time know how our clumping factor works—whether it combines 
with a reactive site on the tumor cell membrane which is absent on normal cells, or 
whether it removes a portion of the membrane rendering the cell surface sticky. We 
think that we have a tumor specific substance and, at this time, we are trying to iso- 
late other tumor and normal cells of comparable cell derivation in an effort to deter- 
mine the extent of its selective effect. It is our hope that, until we fully understand 
the nature of the agglutination reaction, our finding will serve as a valuable aid in 
the study of the alterations of cell membranes that occur during neoplasia. 


We should like to thank Dr. Mary L. Stephenson for her invaluable advice, and Dr. Emma 
Shelton for the gift of the L-C. lymphoma tumor. 


* Supported in part by grant C-2867 from the U.S. Public Health Service, National Cancer 
Institute, and the American Cancer Society, Massachusetts Division. 
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RESTING AND ACTION POTENTIAL OF SQUID GIANT AXONS 
INTRACELLULARLY PERFUSED WITH SODIUM-RICH SOLUTIONS 
By I. Tasaki ANp T. TAKENAKA 


LABORATORY OF NEUROBIOLOGY, NATIONAL INSTITUTES OF HEALTH, BETHESDA, MARYLAND, AND 
THE MARINE BIOLOGICAL LABORATORY, WOODS HOLE 


Communicated by Hallowell Davis, July 31, 1963 


The axoplasm of freshly excised squid giant axons contains a relatively low con- 
centration of sodium (see, e.g., Steinbach and Spiegelman’). It is generally 
believed that a low sodium and a high potassium concentration in the axoplasm is 
the condition necessary for the maintenance of normal excitability of the axon. 
Until quite recently, however, there was no direct means of varying the intracellular 
ionic composition to test whether this condition is actually necessary. Owing to 


the development of the methods of intracellular perfusion in recent years,?~® it is 
now possible to examine the effects of high sodium in the interior of the axon upon 


the resting and action potentials. 
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In a previous paper,’® we have shown that both the resting and action potentials 
of the squid axon can be maintained for considerable time under continuous intra- 
cellular perfusion with pure sodium salt solutions. The present investigation is an 
expansion of those reported in the previous paper, using different sodium salts. 
We have found that, when the sodium concentration in the perfusing fluid is high, 
the difference in chemical species of anions in the fluid can markedly influence the 
excitability. Using glutamate and other types of sodium salts, we could maintain 
all-or-none action potentials with a fairly large overshoot under continuous per- 
fusion with sodium-rich solutions. 

Materials and Methods.—Experiments were carried out on giant axons of Loligo pealii. The 
perfusion techniques developed in this laboratory? * were used. In most of the experiments, a 
mixture of monosodium and monopotassium salts of L-glutamic acid was used to prepare perfusing 
solutions. The tonicity of the solutions was maintained by adding glycerol. We used 12 volume 
per cent aqueous solution of glycerol instead of isotonic sucrose solution as in previous experi- 
ments. The pH was adjusted to 7.2-7.3 by adding a small amount of phosphate buffer. 

In order to prevent impairment of the resting and action potentials by sodium-rich perfusing 
fluids,* the Na-ion concentration was lowered and the Ca-ion concentration was raised in the out- 
side medium. Our standard external medium contained 300 mM NaCl, 45 mM MgCle, 22 mM 
CaCl., and 400 mM sucrose, and its pH was adjusted to 8 with a trace amount of tris(hydroxy- 
methyl)aminomethane. (Note that Woods Hole sea water contains 534 mM Na, 56 mM Mg, 6 
mM Ca, and 18 mM K.) At the onset of perfusion, however, the Mg- and Ca-concentrations in 
the medium were temporarily increased to 67 and 33 mM, respectively. Ordinarily, no repetitive 
firing of impulses was observed under these conditions. 

The perfusing fluid was forced into an inlet pipette of about 170 u in outside diameter (see the 
left-hand side of the diagram in Fig. 1) by a hydrostatic pressure of 10-50 cm H,O. The outflow 
pipette (on the right in the diagram) was 300-350 uw. The distance between the tips of the two 
pipettes was, in the experiments of Figures 1 and 2, approximately 12mm. _ A large portion of the 
axoplasm in the perfusion zone was removed beforehand. The rate of flow of the fluid through the 
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Fig. 1.—Top: Schematic illustration (not to scale) of the experimental 
device used to measure the resting and action potentials of squid giant axons 
under perfusion with equal concentration of sodium inside and outside the 
membrane. St, stimulating electrodes; Re, extracellular recording elec- 
trodes; Ri, intracellular recording electrode (movable). Botiom: Oscil- 
lograph records obtained under the conditions illustrated above. In the 
middle and right records, the distance from the tip of the inlet pipette to 
that of the recording pipette (d in the diagram) was varied. The lower 
oscillograph trace shows action potentials recorded simultaneously from 
electrodes Re. 
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interior of the axon was 15-25 mm‘ per min. The diameter of the axons used was usually 500- 


600 yu. 
Stimulating shocks from a Grass stimulus isolation unit were delivered through a pair of platinum 


electrodes (St in the diagram) to the unperfused portion of the axon. The intracellular recording 
electrode (Ri) was filled with 0.6 17 ammonium chloride and was inserted into the axon through 
the open end of the outlet pipette with a micromanipulator. The resistance of the electrode was 
5-15 megohms. A Bak unity-gain electrometer and a Tektronix oscillograph (Type 502) were used 
for recording the intracellular potentials. Propagation of impulses across the perfused zone was 
monitored by simultaneously recording the extracellular potential with another pair of platinum 
electrodes (Re). Most of the experiments were carried out at room temperature (21-23°C). 

Results —F igure 1 shows an example of the resting and action potentials observed 
under continuous intracellular perfusion with sodium salts of the same concentra- 
tion on both sides of the axonal membrane. The perfusing fluid contained 100 
mM K-glutamate in addition to 300 mM Na-glutamate. The outside medium was 
the standard solution (see Materials and Methods) containing 300 mM NaCl. The 
flow of the sodium-rich perfusion fluid was maintained for about 40 min before these 
records were taken. The amplitude of the action potential reached a stationary 
value of approximately 83 mV (75-90 mV in most cases) within 1 min after the 
onset of perfusion; it remained practically unchanged for approximately 80 min 
in this example. (At the end of this period the observation was discontinued 
because the flow of perfusing fluid ceased.) The oscillograph trace marked “O” 
mV was obtained with the internal recording electrode (Ri) removed from the 
axon and immersed in the surrounding fluid medium. The resting potential 
measured in this fashion was usually 38-45 mV under these experimental conditions 
(see Fig. 2). The overshoot, i.e., the difference in amplitude between the resting 
potential and the action potential was 35-43 mV. 

The superimposed records in the middle and right frame of Figure 1 show the dis- 
tribution of the resting and action potentials within the 12-mm perfusion zone. 
There was hardly any shift in the potential (de) level when the internal recording 
electrode was moved from one extreme end (0 mm) to the other (12 mm); this 
indicates that no appreciable current was flowing through the axon membrane 
in the perfused zone. The amplitude of the action potential was largest in the 
middle part of the perfused zone. Although the reason for the reduction in ampli- 
tude near the ends of the zone is not altogether clear, essentially the same type of 
potential distribution was observed in all of our perfused axons. Evidently there 
was a strong inward-directed membrane current in the middle of the perfused zone 
at the peak of activity. The velocity of the nerve impulse in the perfused zone 
could be calculated from the time difference between the rising phases of the action 
potential recorded at different points; a velocity of about 15 m per sec was obtained 
under these experimental conditions. 

In order to determine the time course of the membrane conductance during 
activity, impedance measurements were carried out using a straightforward ac 
Wheatstone bridge and an electronic filter. An 11 ke per sec sinusoidal current was 
applied through a platinized platinum electrode (100 u in diameter and enclosed in 
glass tubing) to a cleaned surface of the axon in the middle of the perfused zone. 
The ac voltage between the impedance electrode and the large ground electrode was 
about 50 mV, peak to peak. When the impedance electrode was pushed against 
the cleaned axon surface, there was a large increase in the impedance of the system. 
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At the time of arrival of an impulse at the center of the perfused zone, there was a 
distinct fall in the impedance. The time course of the impedance loss was very 
similar to, but slightly longer in duration than, that in normal axons described by 
Cole and Curtis.’ 

In the experiment of Figure 1 the perfusing fluid contained 100 mM _ potassium 
glutamate in addition to sodium. (In this figure the duration of the action potential 
is slightly longer than that of unperfused axons.) Complete elimination of potas- 
sium from the perfusing fluid prolonged the falling phase of the action potential 
further. The duration of such prolonged action potentials was sensitive to the 
Mg- and Ca-ion concentration in the medium; an increase in the divalent cations 
shortened the duration. Neither the resting potential nor the overshoot was 
strongly affected by the substitution of glycerol for the K-glutamate in the perfusing 
fluid. A complete substitution of bromide- or sulfate-ion for the chloride-ion in the 
surrounding fluid medium had no significant effect upon the resting potential, the 
duration, or the amplitude of the action potential. 

By using a special valve described previously, it was easy to change from one kind 
of perfusing fluid to another and to determine the resting and action potentials 
under different internal conditions. The effect of varying the ratio of the internal 
concentration of sodium to that of potassium was studied by this method. Figure 
2 (data collected from 17 different axons) shows the dependence of the resting and 
action potentials upon the internal sodium-potassium ratio under the condition of a 
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Fig. 2.—Resting potential and overshoot of action potential of 
intracellularly perfused squid giant axons plotted as a function 
of Na-ion concentration in the perfusing fluid, [Na];. The sum 
of the internal Na- and K-ion concentrations was held at a con- 
stant level of 400 mEq per | throughout. The perfusing fluid 
contained 470 mM glycerol besides Na- and K-salts in the glu- 
tamate form. The external medium contained 300 mM NaCl, 
45 mM MgSO,, and 22 mM CaCl. <A 50% increase in the Mg- 
and Ca-ion concentrations outside did not alter the results 
significantly. 
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constant total concentration (400 mM). The resting potential was practically 
unaffected by a large change in the concentration ratio. The overshoot was reduced 
by a large increase in the internal sodium, but the observed reduction was far 
smaller than is predicted by the Nernst equation applied to the Na-ion concen- 
trations across the membrane (see the continuous straight line in the figure). 

The approximate constancy of the resting potential over a wide range of internal 
sodium-potassium ratio is apparently inconsistent with the results reported by 
Shaw et al.5, who demonstrated a large change in the membrane potential resulting 
from the replacement of K-ion with Na-ion. Previously, we also reported that an 
increase of the internal Na-ion in the sulfate or chloride form to a level higher than 
200 mEq per | produced a rapid deterioration of the resting and action potential.* 
The difference between the findings described in this paper and those reported 
previously is due to the difference in the experimental conditions. In the present 
series of experiments, solutions of Na- and K-salts as glutamate (instead of sulfate) 
and mixed with glycerol solution (instead of sucrose) were used. In the experiment 
of Figure 2 the excitability of the axon was always preserved, and the reversibility of 
the concentration effect was maintained in the entire range of concentrations 
examined. 

Figure 3 illustrates our finding that the difference in anion species does produce a 
significant influence upon the resting and action potential of the axon when the 
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Fig. 3.—Oscillograph records showing the effect of different 
anions in the perfusing fluid upon the resting and action poten- 
tials of squid giant axon. The compositions of the internal and 
external solutions are given. Trace A, intracellular potential 
(de) recorded in the middle of 9 mm long perfused zone. Trace 
B, extracellularly recorded action potential. The first (left) 
record was taken 14 min after the onset of perfusion; the second 
record, approximately 1 min after the replacement of the per- 
fusion fluid; the third record, 6 min after the original per- 
fusion fluid was readmitted. 


ionic strength of the perfusing fluid is relatively high. The first (left) record in this 
figure was obtained under the conditions similar to those for Figure 1. When the 
glutamate in the perfusing fluid was completely replaced with chloride (middle 
record), there was a marked fall in the action potential and to some extent in the 
resting potential. Trequently, conduction across the perfused zone was blocked 
under these circumstances. When the original perfusing solution was readmitted 
(right record), both the resting and action potentials regained their original values. 
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The anion effect mentioned above was markedly reduced when the total salt 
concentration in the perfusing fluid was decreased to a low level (less than 100 mq 
perl). Thus, many anions which show a depressing effect upon the action potential 
at high concentrations (such as tartrate, iodide, etc.) were found to be harmless at 
low concentration. We sought other anions which might be more effective than 
glutamate in preserving excitability. We could maintain the resting and action 
potentials by using the sodium salt of aspartic acid and of EDTA (ethylenediamine- 
tetraacetic acid) in the perfusing fluid, but no accurate comparative study was made 
of the survival time of the perfused axons with these anions. 

Discussion.—The electric responses recorded from axons perfused with sodium- 
rich solutions (Fig. 1) are actually generated in the perfused zone and do not 
represent a spread of electricity from the lateral unperfused zones. As is well 
known, the space constant for electrotonic spread of de is determined by the mem- 
brane resistance and the axoplasmic resistance. ‘The membrane resistance of the 
perfused axons was measured with a silver wire electrode 11 mm long inserted in 
a perfused zone 18 mm long, and was found to be close to that in the normal axon. 
The resistivity of the perfusing fluid was measured with an ac Wheatstone bridge at 
1 ke and was found to be about 80 ohms-em, which is slightly higher than twice the 
resistivity of the normal axoplasm.’ ‘Therefore, the space constant cannot be 
longer in perfused axons than in unperfused ones. It is obviously impossible to 
interpret the results furnished in Figure 1 in terms of spread of electricity from the 
lateral, unperfused zones. 

Spread of electric current along the axon is greatly reduced when high-frequency 
ac is used instead of de. The apparent space constant is reduced by a factor of 
1/./xfr, where f is the frequency of ac and 7 the time constant (see equation 2 in 
Tasaki and Hagiwara’). Introducing 1.1 X 10‘ sec~! for f and 10~° see for 7, the 
reduction factor is found to be about !/s. Since our impedance electrode was making 
contact with the axonal surface at one spot, the spread of ac from the bridge in our 
impedance measurement is limited to a zone which is approximately of the order of 
the axon diameter. Therefore, the impedance loss observed by this method can be 
safely taken as a sign of excitation in the perfused portion of the membrane. 

The experimental data presented in Figure 2 indicates that, as long as the excita- 
bility in the perfused zone is maintained, replacement of K-ion in the perfusing 
fluid with Na-ion does not produce any significant change in the resting potential. 
This finding is not surprising for us, since we have known that the K-permeability 
as measured by the radioisotope method is not very different from the Na-permea- 
bility in the resting (excitable) state of the perfused axon.’ In the depolarized 
(inexcitable) state which is often reached in perfusion with sodium-rich solutions, 
the permeability properties are very different from those in the resting (excitable) 
state. According to our concept of ‘‘two stable states” in the nerve membrane,® 
it is improper to treat an axon depolarized by excessive Na-ion (or other univalent 
cation) as being in the resting state. 

Figure 2 also shows that a large overshoot of action potential can be obtained 
under the condition of equal Na-ion concentrations inside and outside the mem- 
brane. <A sizable overshoot is observed even when the internal Na-concentration is 
slightly higher than the external value (see 350 mM Na in the figure). This clearly 
indicates that the peak value of the action potential cannot be calculated from the 
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Na-ion concentrations on the two sides of the membrane. ‘The observed depend- 
ence of the overshoot on the Na-ion was approximately 20 mV for a 10-fold change 
in concentration, namely, about '/; of the Nernst slope. 

According to our basic idea® as to the nature of nerve excitation, the action 
potential is produced by an exchange reaction between divalent and univalent 
‘ations in a critical layer in the membrane. Since divalent ions are present only in 
the external medium, the site where such a process takes place must be located a 
and near the external surface of the major diffusion barrier in the membrane. If 
one assumes that the mobility and selectivity for Na-ion are roughly the same as 
those for K-ion in the excited state of the membrane, substitution of internal K-ion 
with Na-ion should not influence the action potential. Actually, however, the 
permeability for Na-ion (as measured by the tracer technique) is somewhat greater 
than that for K-ion.6 The Na-dependence of the amplitude of the action potential 
‘an reasonably be related to the difference in permeability of the two ions. How- 
ever, the difference between Na- and K-ion is, according to the interpretation stated 
above, far smaller than what was postulated in the theory of Hodgkin and Huxley."° 

The observation of Figure 3 has demonstrated the importance of selecting proper 
chemical species of anions in order to maintain excitability under perfusion with 
sodium-rich solutions. Also, the difference in anion species does not influence the 
experimental results, if the intracellular concentration of the sodium salt is very low. 
These findings are consistent with the view that the process of nerve excitation 
takes place in the layer of the membrane with negative fixed charges. When the 
salt concentration in the perfusing fluid is low, the anions should be strongly 
excluded from this critical layer because of the Donnan effect. The Donnan 
exclusion becomes weaker with the increasing salt concentration in the medium 
(see, e.g., Helfferich, p. 136"); therefore, more anions tend to invade the critical 
layers at a higher salt concentration. Anions in this layer can exert specific effects 
upon the ion-exchange properties by virtue of their charge, ion size, polarizability, 
ete. In general, a rise in the anion concentration in the critical layer should reduce 
the perm-selectivity, tending ordinarily to lower the membrane potential. 

Summary.—Excised giant axons of the squid were perfused intracellularly with 
Na-glutamate solutions, with or without adding K-glutamate. Immersing the 
axons in media containing the same Na-concentration as the perfusing fluid, all-or- 
none action potentials with a large overshoot were observed for more than one hr. 
Replacement of Na-ion in the perfusing fluid with K-ion did not bring about any 
significant change in the resting potential. This finding is consistent with the view 
that the K- and Na-permeabilities are not very different in the resting, excitable 
state of the membrane. At high concentrations of Na-ion in the perfusing fluid, 
the difference in chemical species of anions in the perfusing fluid changed sig- 
nificantly the electrophysiological behavior of the axon. 


We are indebted to Dr. H. Davis and Miss P. Kenny for their valuable assistance in preparing 
this manuscript. 
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DISTURBANCES OF NUCLEIC ACID METABOLISM PRECEDING 
DELAYED RADIONECROSIS OF NERVOUS TISSUE* 


By WoLFGANG ZEMAN 


DEPARTMENT OF PATHOLOGY, INDIANA UNIVERSITY MEDICAL CENTER, INDIANAPOLIS, AND 
BIOLOGY DEPARTMENT, BROOKHAVEN NATIONAL LABORATORY, UPTON, NEW YORK 


Communicated by M. Demerec, August 7, 1963 


Delayed radionecrosis of mammalian central nervous tissue is characterized by 
dose-dependent, unusually long latencies, extending perhaps over '/, of the life ex- 
pectancy of the irradiated individual.!. This pathologic response has been observed 
in several mammalian species and regularly follows local exposures in the thera- 
peutic range, i.e., a total dose equivalent to a single exposure in the order of 10* 
rads, a rate in the order of 10? rads min~'!, an LET in the order of KeV y~!, and a 
field size measuring in the order of em*®. No experimental or other data on the 


pathogenesis of delayed radionecrosis of nervous tissue are available, and the mor- 
phologice and biologie changes of the exposed tissues during the interval, if any, are 
unknown. It has been suggested that the extreme length of the latency period 
might be related to the low rate of molting turnover of interstitial, i.e., mesodermal 


and neuroglial, elements. 

Material and Methods.—\emale Carworth rats, aged 90-110 days, were exposed 
under light nembutal anesthesia to a single dose of 3,500 rads of 250 KVP X rays, 
HVL 2.1 mm copper, at a rate of 320 + 10 rads min~!. The animals were lead- 
shielded except for a 1.5 em slit, exposing the second, third, and fourth thoracic 
vertebrae and the immediately adjacent tissues. Animals so treated develop 
clinical signs of paraplegia after a mean latency of 200 days with a standard devia- 
tion of 4:20 days (N = 22) and a range of 166-227 Gays. At 3, 7, 14 days, 1, 2, 3, 
4, 5, 6, and 7 months following the exposure, four animals—two irradiated rats and 
two sham-irradiated controls matched for age—were injected with H*-labeled thy- 
midine. The first injection was given at 10 a.m. under light ether anesthesia into 
the retro-orbital sinus, and consisted of 250 we H*-thymidine, with a specific activity 
of 800 me/Mol in 0.25 ee. Identical injections were given 8 hr and 16 hr later, 
respectively. One irradiated animal with its control was sacrificed 3 hr after the 
last injection and the other pair three days later. Under deep anesthesia, the 
animals were perfused, using a modification of Cammermeyer’s technique.* The 
irradiated part of the spinal cord and the corresponding segment from the control 
animals were removed from the fixed cadavers, and the four specimens comprising 
one series were always embedded in the same paraffin block. Sections were cut at 
4 u; after deparaffination they were coated with Kodak NTB-2 emulsion, stored 
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with Dryrite in sealed containers at 4°C, and developed after three months. The 
radioautographs were stained with haemotoxylin and eosin. Each cross section of 
the spinal cord was photographed and printed on paper 8 by 10 inches. The white 
fiber tracts were delineated in ink, and the cells within the area of the white fiber 
tracts only were counted by technical personnel not familiar with the project. 

On the same sections, labeled cells were counted under the microscope by two 
independent investigators. The data presented are means obtained from at least 
two independent counts made on each of two different radioautographic sections 
from one animal. 

Observations.—There was a significant increase in the number of interstitial cells 
in the white columns of the irradiated animals. This increase could be confirmed 
on sections obtained from animals subject to identical treatment except for injec- 
tion of H*-thymidine. As seen in Figure 1, the cell count begins to rise around 
the third month following ex- 
posure. This was associated 
with a slight increase in the 
volume of the spinal cord in 
some, but not in all, instances. 
Cell counts were done only in 
the white matter, to which de- 
layed radionecrosis is usually 
restricted,* because the un- 
skilled counters were unable to 
count the more variegated cell 
populations of the gray matter ‘ 
properly. Ata time at which TIME IN DAYS, POST IRRADIATION PARAPLEGIA. 
clinical signs of delayed ne- 


crosis become manifest, the Fic. 1.—Number of cell nuclei counted in the territory 

es ho of the white matter of a 4 u cross section of rat spinal cord, 
total cell count Is highest ; if thoracic segment D3. _Numbers plotted here derived from 
the animals are permitted to animals labeled with H*-thymidine only, and each dot is 
based on at least 4 mg en counts made on only | 
animal. The data are, however, statistically significant 
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The increase in the number of cells is due to mitotic activity. The mitotic in- 
dex in normal, sham-irradiated controls, averaged 2-3 labeled cells per 1,000 in- 
terstitial elements. This is in agreement with the observations of other investi- 
gators® who were unable to find a number of thymidine-labeled cells sufficient to 
arrive at an estimation of molting turnover rate. As can be seen from Figure 2, 
the number of labeled cells is about twice as high in those animals permitted to sur- 
vive the last injection for three days. This increase was expected from the data 
of Smart and Leblond.* In the irradiated cord a significant increase in the rate of 
labeled cells first becomes apparent between three and four months postirradiation. 
At that time, the three-hr survivors show a smaller ratio than the three-day survi- 
vors, but this relation becomes reversed during the following month. At five 
months postirradiation, better than 10 per cent of all cells in the white matter are 
labeled after three hr, whereas only 3 per cent labeled cells are found three days 
later. This ratio is even more conspicuous in animals with clinical signs of para- 





PHYSIOLOGY; W. ZEMAN Proc. N. AS. 


plegia. (Since paraplegia could be- 
come manifest any time after the 
165th day following exposure, the 
counts obtained from the sick ani- 
mals were not plotted against time 
postirradiation. ) 

+ nouns Discussion..-It must be empha- 
sized that the increase in the total 
number of cells and the increase in 
mitotic activity occurs at a time at 
which the animals appear clinically 
normal, except for epilation over the 
irradiated area. They gain weight, 
vows DAYS move around normally, and have 
CONTROL 3 DAYS complete control of somatie and 


CONTROL 3 HOURS 


i 





2 
—— Soe 


3 HOURS 


CELLS / 1000 INTERSTITIAL CELLS 


- 


LABELLEL 
»>—___1___1— 


visceral motor systems. Some an- 





TIME IN DAYS, POST IRRADIATION PARAPLEGK imals were mated and _ produced 
normal offspring. The new cells 














Fig. 2.—Mitotic index in irradiated and control Pi ie rie 
animals. Each point on the graph represents generated by mitotie division ap- 


{counts one and the game animal except for the parently survive suficiently long to 
counts from 2 independent animals. increase the total number of cells, an 
observation in agreement with a 
higher ratio of labeled cells found three days after the injection. This observa tion 
is in opposition to the hitherto maintained notion that irradiated mammalian cells 
usually die if they attempt cell division.’ Eventually, perhaps around five months 
postirradiation, cells begin to die at a rapidly increasing rate as seen from the re- 
versal of the 3 hr/3 day ratios of labeled cells and the plateauing of total cell num- 
bers. After paraplegia is manifest, cells apparently die as fast as they are created 
by division, which is then in agreement with the concept of cell reproductive death. 
The cause of this unexpected radiogenic stimulation of the mitotic activity of cen- 
tral nervous interstitial and stromal cells is unknown. It may be interpreted as a 
response of the radiation-damaged cells to this damage. In other words, one can 
assume that the irradiated cells were subject to reproductive death at the termina- 
tion of their natural life span. Consequently, cell population becomes decreased, 
and eventually, tissue as a whole suffers metabolic insufficiency. This should lead 
after a period of time—to considerable rise in mitotic activity. Inasmuch as many 
of the mitotically active cells have been damaged by the radiation, it follows that 
only a small percentage of the newly created cells are metabolically active and fill 
a definite need, the large majority being not only inefficient but also doomed to an 
early postmitotic death.’ 

This assumption fits the data reasonably well. A counterargument is provided 
by the observation of randomized acute cell death immediately following exposures 
to doses used in this study.’ Since this acute cell loss occurs only during the first 
week following exposure, one should expect the first increase of mitotic activity 
around that time. This was, however, not the case in our studies, but it must be 
pointed out that the cell loss from acute radiogenic death in situ is within the same 
order of magnitude as the loss from normal molting turnover. Therefore, the 
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methods employed in 
this study were not sen- 
sitive enough to discover 
a possible increase of 
mitotic activity in re- 
sponse to acute radio- 
genic cell death. 

In addition to the 
plausible assumption of 
chromosomal injury, 
these observations sug- 
gested another hypothe- 
sis which relates delayed 
necrosis to a_ genetic 
process. This possibility 
followed from a study 
of tissues obtained from 
animals treated as de- 
scribed under Materials 
and Methods, except that 
they received H*-labeled 
cytidine. There was an 
unquestionable, but not 
statistically significant, 
increase in the uptake 
of this precursor by iso- 
lated interstitial — ele- 


é : Fic. 3.—Radioautograph of cytidine-labeled spinal cord of 
ments prior to the mani- paraplegic animal. Note immense label of ventral horn cells, 
especially their nuclei and nucleoli. Paraplegic at 7 months 
following exposure to 3,500 rads. 250 X. 


festation of delayed ne- 
crosis. That this in- 
creased cytidine uptake was not exclusively related to premitotic DNA synthesis 
was demonstrated by a perhaps one-hundredfold increase in the uptake by ventral 
horn cells at the time of manifest delayed radionecrosis (Fig. 3). 

These data suggest the possibility of a radiogenic damage to the sites for RNA 
synthesis in analogy to the aging hypothesis put forth by Wulff e¢ al.!° Since the 
damaged cells are metabolically altered, their intracellular milieu is changed, and it 
can be hypothesized that the energies and the metabolic activities normally ex- 
pended for auxiliary protein synthesis (for neuroectodermal parenchymatous struc- 
tures) then become directed toward mitotic activity. 

This latter hypothesis may depend on the assumption of radiation-induced point 
mutations; the preceding one presupposes the occurrence of chromosome breaks. 
The latter have been well documented in numerous irradiated biological targets,'! 
but no evidence of chromosomal injury, for example, in the form of bridging has as 
yet been obtained from the present material. 

Summary.—An almost fiftyfold increase in the mitotic index of the interstitial 
elements of the irradiated murine spinal cord has been encountered between four 
and five months following exposure to 3,500 rads X rays, a dose leading to delayed 
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necrosis after 166-227 days. There was a concomitant, yet statistically not sig- 
nificant, increase in the uptake of RNA precursors, also antedating the manifesta- 
tion of delayed necrosis. The findings are considered to be the possible result of 
chromosomal radiogenic injury or of a genetic injury to the RNA synthesizing 
cellular systems. 
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A RIBONUCLEIC ACID FRACTION FROM RAT LIVER WITH 
TEMPLATE ACTIVITY* 


By GEORGE BRAWERMAN, LAWRENCE GOLD,f AND JEROME EISENSTADT 


DEPARTMENTS OF BIOCHEMISTRY, PEDIATRICS, AND MICROBIOLOGY, YALE UNIVERSITY 
SCHOOL OF MEDICINE 


Communicated by Joseph S. Fruton, August 1, 1963 


The messenger RNA theory, developed on the basis of observations with micro- 
organisms,': * is concerned with a species of RNA with the following properties: 
a rapid rate of turnover, a nucleotide composition similar to that of the DNA of the 
cell, and the ability to stimulate the incorporation of amino acids into protein by 
ribosomes. Because of its high turnover, this RNA can be selectively labeled in 
microorganisms by subjecting the cells to a short pulse of radioactive precursors of 
RNA.* Most of the studies of this material have been done with whole cellular 
RNA from pulse-labeled cells. In mammalian cells, however, no pulse-labeled 
RNA with a DNA-like composition has been detected.*:* The study of mammalian 
RNA species analogous to the messenger RNA of bacteria will therefore require 
their physical separation from the bulk of the cellular RNA. Recent studies have 
indicated that RNA with a DNA-like composition remains in the gel interphase 
when nuclear fractions of mammalian cells are subjected to the phenol procedure 
for RNA extraction.£ 7 This RNA can be recovered by re-extracting the inter- 
phase at elevated temperature.’ Extraction of the interphase with slightly al- 
kaline buffers (pH 8.5 and 9.0) also yields a RNA species with a nucleotide composi- 
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tion somewhat similar to that of the DNA.* The present study is based on the 
finding that the material isolated from rat liver by the latter method is highly 
active with respect to stimulation of amino acid incorporation into protein by prein- 
cubated Escherichia coli ribosomes.* The nucleotide composition of this RNA 
species, although approaching that of rat DNA, differs significantly from it, par- 
ticularly with respect to adenylic acid content. 

The possible physiological function of this RNA fraction is suggested by its 
ability to stimulate the activity of L. coli ribosomes, a property that could be ex- 
pected of a template for protein synthesis. Evidence for such a template activity 
has been presented in the case of viral RNA added to the F. coli ribosomal system." 
The identification of the rat liver material as ‘template RNA,” however, can only 
be tentative in the absence of experimental evidence that it serves as template for 
the formation of specific proteins. The designation ‘““T-RNA,”’ will be used for this 
RNA fraction. 


Materials.—Pyruvate kinase was obtained from Biochemica-Boehringer, DNase (1 X crystal- 
lized) from Worthington Biochemical Co., and uniformly labeled L-leucine-C'* and L-phenyl- 
alanine-C' from Schwarz BioResearch, Inc. The tricyclohexylammonium salt of phosphoenol- 
pyruvate, purchased from Calbiochem, was converted to the sodium salt before use. Poly U was a 
product of Miles Laboratories, Inc. 

Methods.—Cell fractionation: Fresh rat liver was disrupted rapidly in 3 volumes of 10% 
sucrose and 0.01 M Tris-HCl buffer pH 7.6 in an all-glass tissue grinder, and the suspension 
centrifuged at 500 X g for 10 min. All operations were carried out at 4°. The pellet was re- 
suspended in 10% sucrose, 0.01 M Tris pH 7.6, and 0.001 M@ MgCh, and collected by centrifuging 
at 500 X g. This crude nuclear fraction served for the phenol fractionation. The 500 x g 
supernatant was centrifuged at 100,000 < g for 2 hr. The resulting supernatant served for the 
preparation of the ‘supernatant’? RNA. The 100,000 X g pellet was suspended in 0.5% DOC, 
0.01 M Tris pH 7.6, and 0.002 171 MgCh, and the suspension centrifuged at 12,000 x g for 30 
min. The ribosomes were sedimented from the 12,000 X g supernatant at 100,000 X g for 2 hr. 
The resulting supernatant served for the preparation of the “DOC supernatant’? RNA. 

RNA fractions: The nuclear RNA fractions were obtained by a procedure described pre- 
viously.’ In this procedure ribosomal RNA is first removed by a phenol extraction at pH 7.6, 
and T-RNA fractions are obtained at pH 8.5 and 9.0, together with some DNA. The supernatant 
fractions were adjusted with Tris buffers of pH 7.6 or 9.0 to 0.1 M, and the ribosomal pellet was 
suspended in 0.1 M Tris pH 9.0. These were mixed with equal volumes of chilled phenol (re- 
distilled), stirred gently at room temperature for 1 hr, and the aqueous phases recovered by cen- 
trifugation. RNA was precipitated from the aqueous extracts by addition of 0.1 volume of 10% 
NaCl and 2.5 volumes of ethanol. The precipitates were dissolved in small volumes of ice-cold 
water and adjusted with NaCl to a concentration of 10%. Storage at 4° for 1-2 days brought 
about the precipitation of high molecular weight RNA. This was recovered by centrifugation. 
When needed, the RNA soluble in NaCl was obtained from the supernatant by precipitation with 2 
volumes of ethanol. For the incorporation experiments, the pellets were freed of contaminating 
NaCl by suspension in ice-cold 66% aqueous ethanol and recentrifugation. The well-drained 
pellets were dissolved in water. All the RNA preparations used in this study were stored in the 
deep-freeze. 

E. coli sRNA was prepared from frozen cells suspended in cold 0.1 M Tris pH 7.6 by a procedure 
described previously.'! The sRNA was purified by dialysis against water, then lyophilized, and 
redissolved in water for storage. 

E. coli 8-30 preincubated extract was obtained by the procedure of Matthaei and Nirenberg? 
with two modifications. The cells were disrupted in the French Press at 10,000 lbs/in?, and 
sRNA was omitted from the preincubation mixture. The conditions described by Matthaei 
and Nirenberg? for the amino acid incorporations were used, but both UTP and CTP were omitted. 
The method of Mans and Novelli!? was used to determine the amounts of radioactive amino acid 
incorporated into protein. 
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Analytical methods: The nucleotide composition of the RNA samples was determined as 
described previously.'® Total RNA was determined either from the nucleotide composition data, 
or by absorbancy measurement at 260myu of samples treated with 0.5 N perchloric acid at 70° for 
20 min.'* Protein was determined as described previously.'* 

Results.—N ucleotide composition of T-RNA: ‘Table 1 summarizes the results of 
two fractionation experiments with a crude rat liver nuclear preparation. The pH 
7.6 extracts, which comprise the bulk of the RNA, have the same nucleotide com- 
position as the RNA obtained from the purified ribosomes. The nuclear fraction 
appears to be contaminated with a considerable amount of ribosomal material, as 
judged by the large proportion of the cellular RNA usually recovered in this frac- 
tion (about 30%). Extraction at pH 8.0, which follows several extractions at pH 
7.6,5 yields RNA with a nucleotide composition somewhat shifted from the ribosomal 
values. The material obtained at pH 8.5 and 9.0 shows a sharply different nu- 
cleotide composition, with the value for each nucleotide shifted toward the corre- 
sponding DNA value. The total amounts of T-RNA (fractions 8.5 and 9.0) obtained 
were quite variable (see Table 1). The highest yield obtained (Prep. II) amounted 
to about 1 per cent of the total liver RNA. 

In Figure 1, the A, C, and U contents of the various RNA fractions are plotted 
against the corresponding G content. The straight line relationships obtained sug- 
gest that the fractionation procedure resolves a mixture of two components, ribo- 
somal RNA and a RNA species with a nucleotide composition somewhat similar 
to that of DNA. Although no further change in nucleotide composition is observed 
after repeated extractions at pH 8.5 and 9.0 (Table 1), it is quite probable that the 
T-RNA fractions still contain a substantial amount of ribosomal RNA. Only the 


TABLE 1 
PHENOL FRACTIONATION OF Rat LIVER NUCLEAR RNA 
——————P reparation I—-___.. — Preparation II——-___~ 
pH7.6 pH8.0 pH8.5 pH9.0 pH8.5: pH8.5e pH9.0t DNA* 
18.0 19.8 24.5 24.9 25.8 25.5 25. 28.6 
32.8 31.8 28.8 29.0 27.9 26.3 26. 21.4 
31,2 30.: 26.8 25.6 25.1 26.3 26. 21.5 
U ’ 18.0 18. 19.8 20.5 21.1 21.6 21.6 28.4 
RNA, yield WE 0.5 1.6 5.9 3.5 3. 
* See ref. 15; C value represents sum of cytidylic and 5-methyleytidylic acid contents; U value stands 
for thymidylic acid content. 
+ Material could not be precipitated with NaCl (see text). 
Starting material for Preparation I, 45 gm of liver, and for Preparation II, 60 gm. Headings pH 8.5: 


and 8.5: refer to first and second extraction at pH 8.5. Nucleotide composition data are expressed as 
moles per 100 moles of total nucleotides; RNA yields are expressed in wmoles nucleotide. 


A content of these fractions is relatively close to that of DNA. The U content, 
on the other hand, shows only a modest shift away from the ribosomal value. These 
unequal shifts indicate that the nucleotide composition of the T-RNA component 
must deviate appreciably from that of DNA. It probably possesses a higher A 
content together with a lower U content. 

The data of Table 1 for all but one of the fractions (pH 9.0, Prep. II) apply to 
high molecular weight RNA precipitated with 10 per cent NaCl in the course of 
purification. Since DNA is not precipitated under these conditions, this step 
results in the removal of DNA from the T-RNA fractions. In some instances, 
particularly when much DNA was present, very little or no precipitate could be 
obtained with NaCl. The material recovered from the supernatant, however, 
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contained RNA with the expected composition (see fraction 9.0 of Prep. II). Even 
where the salt precipitation was successful, about half the RNA remained soluble 
in the NaCl solution. In all cases this soluble material had the same nucleotide 
composition as the salt-precipitated RNA. Al- 
though the soluble material could represent de- 
graded T-RNA, it is also possible that the DNA 
present interferes with the salt precipitation. 
Unless noted otherwise, only the salt-precipitated 
RNA was used in the subsequent experiments. 
The sharp differences in nucleotide composition 
between the T-RNA fractions and ribosomal RNA 
provided a convenient means for identifying these 
fractions without nucleotide analysis. As can be 
seen in Table 2, the UV absorption spectra in acid ye MR. 
solution of hydrolyzed samples of the two types ; arrey 
of RNA are quite different. The ratios of absorb- cP ce > seetee 
ancies listed in Table 2 were used to check the fractions. The values for each 
composition of the pH 8.5 fraction from Prepara- a inen Maanenal on 


tion III, which was used in some of the incorpora- (RIB.) are the a for wwe 
. : : RS RE Ra ose SS preparations of pH 7.6 nuclear 
tion experiments. The absorbancy ratios of this RNA: F-RIVA valeus. die shone 


material were 0.39 and 0.68. This simple testcan for - ~ = “ae 9.0 eae 
, pies oS ENE “RRS studied. Two different sets o 

be used only when no contaminating DNA is pres- values for the pH 8.0 fractions 
ent. are plotted; one was obtained 
‘ xiii Pee ate ir from Prep. I, and the other from 
Cytoplasmic RNA fractions: In order to detect Ill. The supernatant RNA 


the possible presence of T-RNA in the cytoplasm, (SUPER) values described in 
two high molecular weight RNA fractions were Fabio 3 ave used. 

examined with respect to nucleotide composition (Table 3). The RNA of the 100,000 
X g supernatant consistently showed small shifts compatible with the presence of 
some T-RNA together with ribosomal RNA. The nucleotide composition of this 
material fits into the linear relationships of Figure 1. As will be seen below, this 
fraction also shows template activity. The same material could be obtained by 


RiB.|/8.0,/SUPER| [8.0,) [T-RNA| 


, 
ine 


MOLE PER CENT 
. Se ee 


Ss 








TABLE 2 
SpecrrRaL Ratios oF RiposoMAL AND T-RNA IN AcIp SOLUTION 
A 290 my A 280 my 
A 260 my A 260 mu 
Ribosomal RNA 0.43 0.73 
T-RNA 0.39 0.66 


Alkaline hydrolysates of RNA diluted with 0.5 N HClOy. Template RNA of Prepara- 
tion III (pH 8.5 fractions) was used. 


TABLE 3 


Nuc eoripE Composition oF CytopLtasmic HigH MoLecutar Weicut RNA Fractions 
: Microsomal DOC 
100,000 X g supernatant supernatant 
A 21.6 (0.7 20.8 
G 30.8 (0.5 2.5 
Cc 28.5 (0.7 29.5 
J 19.1 (0.8 17.2 


U 
RNA, yield 5.1 (4.2 25 


Values for the 100,000 X g supernatant represent the mean values for 3 preparations; numbers in paren- 
theses are standard deviations. Only 1 preparation of the DOC supernatant was analyzed. RNA yield 
expressed as umoles nucleotide per 60 gm liver. 
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phenol extraction at pH 7.6 as well as at pH 9.0. Furthermore, re-extraction at 
pH 9.0 of the nonaqueous residue left after extraction at pH 7.6 did not yield any 
additional RNA. 

The microsomal DOC supernatant RNA showed a slightly elevated A content, 
but no other shifts toward a DNA-like composition were evident. This material 
showed no template activity. 











El i" Sedimentation characteristics of 
.) “AA ae T-RNA: Figure 2 shows the pat- 
8 \ / \ z terns obtained by zone centrifuga- 
— Ne *“* tion of T-RNA and ribosomal RNA 
§ oe ’ \ oo preparations. The T-RNA pattern 
H oos ot be Jou § shows two small peaks, which cor- 
oma 002 < respond to the peaks of ribosomal 
. R 4 " n RNA, and a major component 
onaanne wemeen lighter than ribosomal RNA. If the 


Fic. 2.—Zone centrifugation pittene for. sedimentation values of the riboso- 
RNA (solid line) and ribosomal RNA (dashed . 

line). Material was placed on top of a 5-20% mal componente are considered to be 
sucrose gradient in 0.01 M Tris pH 7.6 and 18 and 26S, then, by extrapolation, 


0.001 M MgCls, and centrifuged at 35,000 rpm s . x 
for 5 hr in the SW39 Spinco rotor. 18 drop a value of approximately 10S can 


fractions were diluted with HO to 3 ml before be estimated for the light T-RNA 
UNpemesmurements, pH 7.0 and. 85 fractions component. Of the three compo- 

nents of the T-RNA preparation, the 
two heavy ones, which correspond to the two components of the ribosomal RNA 
preparation, may represent contaminating ribosomal material. The 10S compo- 
nent, which is not evident in the ribosomal RNA preparation, may contain the 
material responsible for the template activity. 


TABLE 4 
CHARACTERISTICS OF STIMULATION OF LEUCINE INCORPORATION BY T-RNA 


Leucine incorporated (CPM/ml) 
I 


Prep. Prep. 

Complete system 4,850 1,340 

Minus T-RNA 60 180 

Plus DNase 4,280 

Plus chloramphenicol 180 

Plus puromycin 40 

Plus sRNA 1,690 

Minus amino acid mixture 690 


Complete system contained 260 ug/ml of pH 8.5 fraction of Preparation II, and 140 ug/ml 
of pH 8.5 fraction of Preparation III; for other details see Fig. 3. 80 ug/ml each of DN- 
ase, chloramphenicol, and puromycin, and 1 mg/ml of sRNA, were used. 


Template activity of RNA fractions: The incorporation of leucine into protein 
by E. coli ribosomes is strongly stimulated by the T-RNA fractions (Fig. 3). 
The extent of stimulation increases linearly with increasing amounts of T-RNA, 
except at very low concentrations (20 ug/ml) where no effect is observed. The 
concentration curves for two different RNA fractions with similar nucleotide com- 
positions were very close to each other. The slight activity of the ribosomal RNA 
also appears to rise linearly. No inhibition is evident up to a concentration of 1 
mg/ml. The concentration curve for the stimulation of phenylalanine incorpora- 
tion by poly U is quite different from those obtained with the liver RNA fractions. 
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In contrast to the behavior of the latter (see be- z 
low), the poly U-stimulated incorporation was 100 s 
highly dependent on added sRNA. At the con-  # T-RNA $ 
centration of 160 ug/ml, the activity of poly Ufor &,, Fs 
phenylalanine is 10 times greater than that of liver 3 bs 
T-RNA for leucine. Since all 20 amino acids must 3 A 
be incorporated with T-RNA, however, the spe- P ix e 
cific activities of both poly Uand T-RNA maybe g 
similar. e« iy woe 
The incorporation stimulated by liver T-RNA = 2 é 4 
showed the high sensitivity to chloramphenicol — 22 2005 
and puromycin characteristic for the E. coli ri- 3 z 
bosomal systems. Addition of DNase produced “— 
a slight inhibition, perhaps due to the presence ™ petite ttn = 


in the DNase preparation of some contaminating ar a. 
ribonuclease. The sRNA present in the E.coli jar Iver cor ggg Po 


preparation appeared nearly sufficient for maxi- ae jaiaaes onstainad 2.2 mg 
i 3 Nace Stews 24s ml of 8-30 protein and 0.75 mg/m 
mal incorporation of leucine, since additional 6 539 RNA In experiments 


sRNA produced only a slight increase. Omission wah ee 1 mg/ml of sRNA 
of the complete amino acid mixture reduced the leucine yo PR Poor ctg 


extent of incorporation by about 50 per cent. oy gama were used. The 
Kinetic experiments indicated that the incorpora- 35); » te mob nent hh a 
tion was nearly completed after 15 min. was used as ribosomal RNA. 


Since the stimulating effect of the RNA fractions a et ed Py sont 


was linear over a wide range of concentrations, a tions, and phenylalanine for the 
comparison of the activity of different types of  °*Pemments with poly U. 

RNA was possible (Table 5). The ribosomal R NA preparations showed about 1 per 
cent of the activity of the T-RNA fractions. The supernatant RNA, whose nucleo- 
tide composition indicated the possible presence of some T-RNA, showed about 3 
times the activity of ribosomal RNA; the pH 8.0 fraction with a nucleotide composi- 
tion clearly intermediate between that of T-RNA and ribosomal RNA, showed a sub- 
stantial activity. The RNA of the pH 9.0 extract, which could not be precipitated 
with NaCl, still showed considerable activity. Since this fraction was heavily con- 
taminated with DNA, it was necessary to test the possibility that its activity is due 
to the DNA. Only a small inhibition was observed when DNase was added to 


TABLE 5 
TempLateE Activity oF Liver RNA FRACTIONS 


RNA concentration (ug/ml) Specific activity* 
RNA fraction Prep. Il Prep. III Prep. II Prep. III 

Nuclear pH 7.6 510 960 3 4 

“pH 8.0 210 38 

a3 pH 8.5, 300 140 360 208 

* pH 8.52 310 300 

<2 pH 9.0 260 132 

" pH 9.0 + DNaset 260 111 
Ribosomal 910 4 
DOC soluble 950 2 
Supernatant 500 890 10 12 


* Specific activity refers to amount (in wamoles) of stimulation of leucine incorporation per mg of added 


RNA. 
t 80 ug/ml of DNase. 
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the incubation mixture. A T-RNA fraction, which had been inadvertently de- 
graded to an average value of 5S, showed very little template activity. This 
indicates that the RNA fractions not precipitable by NaCl must still be of relatively 
high molecular size. 

Competition experiments between ribosomal RNA and T-RNA: In order to deter- 
mine whether ribosomal RNA exerts an inhibitory effect on the activity of T-RNA, 
mixtures in varying proportions of the two RNA species were tested with the EF. 
coli ribosomal system. Even in the presence of a 25-fold excess of ribosomal RNA, 
no inhibition was evident. Since the T-RNA preparations were probably about 
50 per cent pure, the amount of T-RNA in this mixture may have been around 
2%. There appeared to be an enhancement of the activity of the T-RNA, pos- 
sibly because of a protection of the latter from ribonuclease action. In this experi- 
ment, the amount of ribosomal RNA added was equal to the total RNA of the 8-30 
preparation. These results indicate that ribosomal RNA does not compete with 
T-RNA for the EF. coli ribosomal sites. When a 50-fold excess of ribosomal RNA 
was used, an inhibition of T-RNA was evident. Because of the small amount of 
T-RNA used, however, the levels of incorporation were rather low and the result 
of this last experiment may not be very conclusive. 


TABLE 6 
Errect oF RinosoOMAL RNA ON STIMULATION OF INCORPORATION BY T-RNA 


Template RNA Ribosomal RNA Leucine ine ~ em Specific activity* 
(ug/ml) (ug/ml) (CPM/ml) of T-RNA 

— — 110 

se 890 310 

ba 1,900 440 

140 — 1,340 220 

140 890 1,630 235 
81 _ 820 220 
81 1,900 1,400 295 

41 — 330 135 
41 1,900 540 60 


* Specific activity of mixed incubations computed as follows: stimulation due to ribosomal RNA 
alone deducted from total stimulation, and value obtained divided by concentration of T-RNA; values 
expressed as numole leucine incorporated per mg of added RNA. 

Nuclear pH 7.6 fraction (Prep. III) used as ribosomal RNA, and nuclear pH 8.5 fraction from same 
preparation used as T-RNA. Amount of 8-30 used per ml incubation mixture: 6. 6 mg protein, 1.9 mg 
RNA. 


Discussion.—The present results demonstrate the presence in rat liver of a 
species of RNA with some of the characteristics ascribed to the bacterial messenger 
RNA. Its composition is somewhat similar to that of DNA and it stimulates 
strongly the incorporation of leucine into protein by the preincubated FL. coli riboso- 
mal system. This material appears to be localized primarily in the nucleus. It is 
most probably this cellular localization which forms the basis for the fractionation 
procedure used here. Of the various cytoplasmic RNA fractions, only the high 
molecular weight RNA of the 100,000 x g supernatant may contain any significant 
amount of T-RNA, as judged by both nucleotide composition and template ac- 
tivity. It cannot be stated at present whether this material is normally present in 
the cytoplasm or whether it is leached out of the nuclei during the cell fractiona- 
tion. 

A recent report describes a RNA species complementary to mouse liver DNA.'* 
The nucleotide composition of this material, based on P*?-isotopic dilution analysis, 














Vou. 50, 1963 BIOCHEMISTRY: BRAWERMAN ET AL. 637 


appears to be similar to that of the RNA described in the present study. This 
mouse liver RNA was also shown to be present in the cytoplasm as well as the nu- 
cleus. 

In our studies, the RNA extracted from the purified liver ribosomes shows a very 
low template activity. Ribosomes isolated in this manner are usually active in 
protein synthesis and, furthermore, show little or no stimulation by polyribonucleo- 
tides.'"7. The data presented here suggest that the amount of T-RNA possibly 
present in the ribosomal extract cannot be higher than 1—2 per cent. Such an esti- 
mate is made possible by the apparent lack of inhibition of the activity of T-RNA 
in the presence of a large excess of ribosomal RN A. 

The inability of ribosomal RNA to stimulate the activity of the FE. coli ribosomal 
preparation deserves comment. ‘The results of the competition experiments in- 
dicate that ribosomal RNA is unable to bind to the sites on the ribosomes at which 
T-RNA becomes attached. There must be, therefore, a basic structural difference 
between T-RNA and ribosomal RNA. One possibility is the difference in molec- 
ular size (10S versus 18 and 26S). It is also possible that a specific sequence of 
nucleotides governs the affinity of RNA molecules toward the ribosomes. The 
high G content of ribosomal RNA molecules toward the ribosomes. The high G 
content of ribosomal RNA suggests the presence of areas rich in G which could play 
a role in preventing the binding of the RNA to ribosomes. On the other hand, the 
activity of the template RNA could be determined by its apparent high A content. 
The possibility of the isolation of purified T-RNA in quantities sufficiently large for 
structural studies, as indicated in this report, may lead to some understanding of the 
basis for the biochemical activity of this material. 

Summary.—A RNA species with a nucleotide composition somewhat similar to 
that of DNA has been isolated from a crude rat liver nuclear preparation. This 
material is 100 times more effective than ribosomal RNA in stimulating the incor- 
poration of leucine into protein by a cell-free preparation of FE. colt. Its activity is 
not inhibited by the presence of a large excess of ribosomal RNA. RNA prepara- 
tions from the cytoplasm show very little template activity. 


The technical assistance of Mr. T. Collins and Mrs. M. Weiner is gratefully acknowledged. 
The authors wish to thank Drs. J. 8S. Fruton and E. 8. Canellakis for the helpful suggestions 
which they have contributed during the preparation of this report. 


The following abbreviations are used: DNase, deoxyribonuclease; poly U, polyuridylie acid; 
Tris, tris (hydroxymethyl) aminomethane; DOC, sodium deoxycholate; sRNA, amino acid 
transfer RNA; A, adenylic acid; G, guanylic acid; C, eytidylic acid; U, uridylic acid. 
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FAST KINETICS OF UNPAIRED ELECTRONS IN PHOTOSYNTHETIC 
SYSTEMS* 


By Barry COMMONER, DANIEL H. Kouu,t AND JONATHAN TOWNSEND 


THE HENRY SHAW SCHOOL OF BOTANY, DEPARTMENT OF PHYSICS, AND THE ADOLPHUS BUSCH III 
LABORATORY OF MOLECULAR BIOLOGY, WASHINGTON UNIVERSITY, ST. LOUIS, MISSOURI 


Communicated by Albert Szent-Gyérgyi, August 5, 1963 


Since the initial observation of an electron spin resonance (ESR) signal in chloro- 
plasts, which increases in intensity on illumination,' this technique has added sig- 
nificantly to the data on the photosynthetic process. 

The ESR signals under discussion are characterized by g values in the range of 
2.002—2.007 and by widths, measured between points of maximum slope, in the 
range of 1-20 gauss. Such signals may be produced by organic free radicals or by 
unpaired electrons trapped in an extensive lattice, as in a semiconductor. They 
are not of the type produced by paramagnetic ions of the transition elements, or by 
molecules in triplet states.2. For purposes of the following discussion, we attribute 
the observed ESR signals to “unpaired electrons,” giving this term the meaning of 
implying either organic free radicals (relatively small molecules containing an un- 
paired electron) or electrons in semiconducting lattice situations, but excluding 
transition metal ions and triplet molecules. 

ESR signals with g values of 2.002—2.005 have been observed in a number of photo- 
synthetic systems.*~'° In the anaerobic photosynthetic bacterium R. rubrum, 
no signal is observed in the dark, but an intense signal at g = 2.002 is observed on 
illumination. In green plants which produce O,. photosynthetically, two signals 
have been observed. One of these (signal II, ref. 5) is observed in the dark; it is 
centered at g = 2.005 and exhibits distinctive hyperfine lines. A second signal 
(signal I, ref. 5) is absent in the dark and is generated on illumination; this signal 
has a g value of 2.002 and does not exhibit hyperfine structure. ESR studies of 
photosynthetic systems have not thus far yielded unequivocal evidence of unpaired 
electrons associated with semiconductors or with triplet excited states. 

The main question under examination in the present investigation is whether the 
observed unpaired electrons are associated with a component representing the 
primary light-excited state, or with some later stage in the photosynthetic process. 
For this purpose, we have studied fast kinetic changes in the intensity of the ESR 
signal at g = 2.002 exhibited by intact cells of R. rubrum on illumination. Until 
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now, measurements of the changes with time in the ESR signals associated with pho- 
tosynthetic processes have been limited by the time constants of the ESR spectrome- 
ters’ noise-integrating systems, which are usually several seconds. Although most 
ESR spectrometers have an inherent time constant which is considerably less than 
0.1 sec, the signal resulting from a light stimulus is usually so weak as to require the 
additional time to average the noise fluctuations to a sufficiently low value so that 
the signal may be observed satisfactorily. 

With the advent of new computers which permit the summation of repeated sig- 
nals, and, therefore, a considerable increase in signal-to-noise ratio, this difficulty 
‘an be circumvented. In the present paper we report kinetic measurements of the 
changes in ESR signal intensity on illumination of photosynthetic systems, in which 
a computer of average transients (“CAT,’’ Technical Measurements Corporation) 


Lg 2.002 


Fic. 1.—Derivative presentation of an ESR hb 


signal from an illuminated suspension of F. 
rubrum. The bacteria were grown using the 
medium and _ procedures’ described by 
Ormerod et al.,"! and were harvested after 
approximately 42 hr. Here the signal is re- 
corded in the conventional way with a 0.1 
second time constant. The “CAT”’ is not 
used. Modulation amplitude, 10 gauss. The 
low field peak is designated by L; the high 
field peak by H. Each interval on the hori- 
zontal axis represents 20 gauss. 
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has been employed to record changes that occur in times of the order of 1-100 msec. 
These initial data provide new information regarding the mechanisms responsible 
for the generation and decay of the free radicals associated with photosynthesis. 

Materials and Methods.—Measurements have been made on (a) whole cells of R. rubrum cultured 
anaerobically, (b) whole cells of Euglena, cultured aerobically, and (c) whole cells of Chlorella, 
aerated with 5% COzin air. The ESR spectrometer used in these studies is basically the same as 
used in previous work.! Magnetic field modulation at a frequency of 1 Meps is used with phase- 
sensitive detection, which gives a signal representing the derivative of the absorption in the usual 
manner. However, the usual noise-integrating and recording system is not used. The signal 
is integrated in the phase-sensitive detector for a fraction of a millisecond only, mainly to remove 
frequencies related to the modulation frequency; then it is fed directly into the computer. 

White light from a zirconium arc is directed through an aperture in the spectrometer cavity 
onto the sample cell by a lens system which includes a shutter and a photocell for monitoring 
the beam incident on the sample. The shutter can be operated automatically in a repeated on-off 
cycle of variable duration. The computer is arranged in one of two ways: (a) with the ESR 
spectrometer held at a fixed magnetic field corresponding to the position of the maximum de- 
flection of the ESR derivative signal, the amplitude of the deflection is recorded by the computer 
memory bank as a function of time over a period in which the light is turned on, or off, or both. 
Repetitive on-off cycles are then carried out, with the computer adding each successive time- 
sweep, thereby recording an over-all average for the total number of sweeps carried out. (b) The 
ESR spectrometer is driven through a 100-200 gauss span of the magnetic field centered around 
the expected ESR signal during a fixed time (in these experiments, 1 sec). The computer is ar- 
ranged to record the meter deflection as a function of magnetic field, triggered by the shutter, or 
externally. In this manner, the computer records the ESR signal (absorption derivative as a 
function of magnetic field) during a fixed interval after the onset of illumination. Repetitive 
cycles of this type are carried out, and the summed values are recorded by the computer. 

For the second type of experiment the ESR spectrometer is equipped with a special magnetic 
field regulator and scanner. In this system, the magnetic field is sensed by a sample of a stable 
free radical sample (ca. 100 mg of diphenylpicrylhydrazy!) which is in a microwave circuit powered 
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by a fraction of the power used for the ESR measurement. This microwave circuit is designed to 
produce an error signal, which enters into the magnet power supply in such a way as to maintain 
the magnetic field at the resonant value for the free radical. A small coil is placed around the 
hydrazyl sample to produce an additional field proportional to the current flowing through it. 
This current is provided by a sweep circuit and is used to produce the X-input of an X-Y recorder. 
As this current changes, the feedback action maintains the field constant at the hydrazyl sample, 
but in doing so it changes the field in the main part of the magnet gap by an amount precisely 
proportional to the current. Thus, the effects of magnet hysteresis, temperature changes, and 
stray magnetic fields are avoided, and rapid linear changes in magnetic field can be obtained over 
the range required to observe the ESR signal. 

By the foregoing means, it is possible to record average curves from several hundred repeated 
signals, which show either the change in the intensity of the ESR signal as a function of time after 
the onset or cessation of illumination, or the actual shape of the light-induced ESR signal at a 
predetermined brief interval after illumination. 
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Fig. 2.—Change in intensity of ESR ab- 
sorption resulting from subjecting a suspen- 
sion of R. rubrum to 400 light-dark cycles 
(1 sec on—l1 sec off) as seen by the “CAT.” 
Here the magnetic field is held constant at the 
value corresponding to the high field maxi- 
mum of the derivative of the ESR absorption. 
The ESR signal is fed into the “CAT,” 
bypassing the relatively long time constant 
noise-integrating circuit used to record Fig. 1. 
Half of the “CAT” channels record the ESR 
signal, while the other half simultaneously 
record the output of a photocell which is 
sampling the light incident on the suspension 
of R. rubrum. The upper curves illustrate 
the increase in the ESR signal when the light 
is turned on; the lower curves illustrate the 
decay when light is turned off. Modulation 
amplitude, 6 gauss; temperature, 22°C. 


The culture conditions are as indicated in 
legend to Fig. 1. 


Results.—(a) Rhodospirillum rubrum: 
Figure 1 shows a typical ESR signal from 
a packed suspension of R. rubrum cells 
illuminated by white light. The signal is 
an apparently simple absorption centered 
at g = 2.002 with a width (between max- 
ima in the absorption derivative) of about 
10 gauss; it exhibits no hyperfine struc- 
ture. Figure 2 illustrates the changes in 
signal intensity observed when R. rubrum 
cells are subjected to I-see light-dark 
cycles. The rise time (time for the signal 
to increase to one half its final recorded 
value) for the increase in signal intensity 
after illumination is about 30 msec; the 
time constant for decay in the dark is 
about 34 msec. These represent the most 
rapid light-dependent changes in ESR 
signal intensity observed thus far in pho- 
tosynthetic systems. 

The kinetic changes in signal intensity 
during a 125-msee period following illu- 
mination are shown in Figure 3. It will 
be noted that the time required for the 
shutter to open is about 6 msec; the 
shutter passes one-half maximum light in- 
tensity after about 3 msec. In the first 
3-msec period after the shutter begins to 
open there is no evidence of any increase 
in the ESR signal intensity; thereafter, 
the intensity begins to increase with its 
characteristic kinetics. This lag cannot 
be due to the response time of the ESR 
spectrometer, for a direct measurement 
made under the conditions of this experi- 
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ment shows that the response time is 0.5 + 0.2 msec (i.e., the time for the spectrom- 
eter to exhibit one half its full response to an imposed signal). Neither can this 
lag be ascribed to a light intensity threshold effect, since it is also observed when the 
intensity is one half that used in the experiment reported in Figure 3. 


Fic. 3.—Light-induced rise in signal sisi spin isc 
intensity under conditions of greater time ° 
resolution. Here Rk. rubrum were sub- 
jected to 1,626 cycles of 1 see light—1 ee 
second dark, of which the “CAT” moni- 
tored a 125 msec portion. Otherwise ex- 
perimental conditions as in Fig. 2, except 
temperature ca. 17°C. The ripple in the 
photocell output results from the use of ae / 
alternating current in the lamp. : 
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The presence of a corresponding delay in the decrease of the ESR signal during a 
dark period following illumination is shown in Figure 4, which is a record of the ESR 
signal intensity during a 62.5-msec period after the shutter has interrupted the 
light beam. The instrument settings and the preparation of the R. rubrum are 
comparable to those in Figure 3. It can be seen that a delay lasting at least 
2-3 msec in the response of the ESR signal to cessation of illumination is present. 

The foregoing experiments describe changes in ESR signal intensity at a single 
magnetic field which is chosen to correspond with one of the two positions of maxi- 
mum deflection in the absorption derivative shown in Figure 1. However, since 
the latter is determined some minutes after the onset of light, it is not necessarily 
descriptive of the ESR signal present during the first second after onset of light. 
As indicated in Materials and Methods, by linking the ““CAT” computer to a spec- 
trometer equipped with a magnetic field regulator, it is possible to determine the 
total ESR absorption derivative at a brief interval after onset of light. Figure 5 
illustrates such an experiment, in which the entire span of magnetic field in which the 
signal occurs is scanned in a period of about 300 msec following onset of light. 
The signal is quite similar to that observed under steady illumination with respect 
to g value, but is somewhat wider (an effect which may be due to instrumental con- 
ditions). Thus, an ESR signal similar to that exhibited by R. rubrum under con- 
stant illumination is already present within 300 msec after illumination. It is 
possible that experiments conducted at shorter intervals after onset of light and with 
a narrow modulation (i.e., less than 6 gauss, which is used to determine the signals 
shown in Figs. 1 and 5) will reveal the presence of a different type of signal. Such 
experiments will require an improved instrument sensitivity. 
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Fig. 4.—Decay of light-induced signal || 


seen under conditions of high time resolution. 
A preparation of R. rubrum was subjected to 
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(b) Euglena: Figure 6 shows the change in signal intensity as a function of time 
for an 8-sec period following illumination of a sample of packed cells of Huglena 
gracilis. The curve is the computer-recorded average of repeated cycles of 8-sec 
alternating periods of light and dark, with only the period after illumination being 
recorded. The time constant for the appearance of the signal (time required for the 
development of one half the maximum intensity) is about 400 msec. Comparable 
results have been obtained with Chlorella pyrenoidosa. In both cases, the time 
constants for decay of the signal in the dark are comparable to the light-onset time 
constants. 
Interpretation of Results.—The data of Figure 3 provide evidence which is directly 
relevant to the possible occurrence of unpaired electrons as an immediate conse- 
quence of the primary act of light absorp- 
‘alee tion. If this were the case, unpaired elec- 
trons would be associated with the excited 
state generated by light absorption, and 
an ESR signal should begin to develop 
within the time required for the excitation 
process, which is of the order of 10~° sec. 
However, as shown in Figure 3, there is a 
lag of 2-3 msec between the onset of light 
and the onset of the ESR signal. Hence, 
some process or processes with a mean life- 
time of 2-3 msec must intervene between 
the primary act of light absorption and 
the generation of unpaired electrons. 
That a 2-3 msec delay is also observed 
before the onset of decay in the dark is 
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Fic. 5.—Rapid scan of ESR signal from 


suspension of R. rubrum shortly after begin- 
ning of illumination. Some distortion of the 
spectrum can be expected due to increase of 
the signal during the scan. Additional ex- 
perimental conditions are: modulation ampli- 
tude, 6 gauss; 2,180 repeated light-dark 
cycles of 1 sec on-—1 second off; temperature 
ca. 18°C. Culture conditions are as indi- 
cated in legend to Fig. 1. The upper trace, 
which was taken with a solution of peroxyl- 
amine disulfonate free radical, serves to 


additional evidence for the existence of an 
intermediate process characterized by this 
lifetime. We conclude, therefore, that 
the ESR signal observed in R. rubrum is 
not due to unpaired electrons associated 
with the excited state generated by the 
primary act of light absorption, i.e., by 
the initial step in the photosynthetic 


establish the magnetic field scale for the scan. 
process. 


The observed signal may represent unpaired electrons in some relatively stable 
lattice trap, the 2-3 msec lag reflecting the mean time required for the electrons to 
reach the trap. Alternatively, they may be due to the chemical redox processes 
activated in photosynthesis. 

Thus, a* least two processes, the primary act of light absorption (i.e., the eleva- 
tion of the absorber to an excited state) and an energy or electron transfer process, 
precede the formation of unpaired electrons which give rise to the ESR signal ex- 
hibited by R. rubrum. Figures 2 and 3 show that the unpaired electrons, once 
formed, are subject to a decay process with a time constant of about 30 msec. The 
intensity of the ESR signal represents the resultant concentration of unpaired elec- 
trons established by the two preceding processes and by the decay process, which 
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may itself be a complex of parallel or successive events. On illumination, the initial 
processes generate an increasing concentration of unpaired electrons which, in 
view of the above relationship, accelerates the rate of decay. The resultant is a 
kinetic curve for the appearance of the ESR signal following onset of illumination 
which exhibits, approximately, the time constant and monotonic character of the 
decay process. 

Further kinetic studies, both in photosynthetic bacteria and in green algae, are 
in progress. If signal-to-noise ratios permit, a study of the details of the kinetic 
curves may provide data on the sequence of reactions involving unpaired electrons, 
the rate constants for these reactions, and the influence of temperature and other 
relevant parameters on them. 

Summary.—(1) A computer of aver- 
age transients (‘CAT’) has been 
adapted for use with an electron spin 
resonance spectrometer in order to de- 
termine high-speed kinetic changes in 
the intensity of ESR signals. Applied 
to photosynthetic systems, the equip- 
ment is capable of describing such ki- 
netic changes on a millisecond time 
scale with an adequate signal/noise 
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Fic. 6.—Change in signal intensity resulting 
from subjecting a suspension of Huglena gracilis 


ratio. to 678 light-dark cycles (8 sec on—8 sec off). 
(2) On illumination with white light, 


The organism was inoculated (ca. 5%) into 
; ie: “Euglena medium,’’!? grown in constant light 
intact cells of R. rubrum exhibit amono- (ca. 500 ft-c), and harvested 6 days later. Tem- 


tonic increase in ESR signal intensity Pe™ture ca. 7°C. 

which reaches half its asymptotic value in about 30 msec. Similar kinetics are 
exhibited by the decay of the ESR signal when illumination ceases. In the case 
of intact cells of Euglena, the corresponding time constants are of the order of 
several hundred msec. 

(3) Following either onset or cessation of illumination, R. rubrum exhibits a 2-3 
msec lag before the resultant change in ESR signal intensity begins. This result 
shows that the unpaired electrons associated with the ESR signal are not due to 
a light-excited state of the primary absorber in photosynthesis. In R. rubrum 
photosynthesis one or more electron or energy transfer processes must intervene 
between the primary light absorption event and the generation of unpaired elec- 
trons. 

(4) The data suggest that the kinetic changes in ESR signal intensity exhibited 
by R. rubrum on onset or cessation of illumination are chiefly governed by the rates 
of one or more processes which result in the decay of the unpaired electrons gener- 
ated by light. 


We wish to thank Dr. Howard Gest for kindly supplying the culture and for much helpful ad- 
vice and information concerning R. rubrum. 
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THE DESTABILIZING EFFECT OF RIBONUCLEASE ON THE 
HELICAL DNA STRUCTURE* 


By GARY FELSENFELD, GEORGIANNA SANDEEN, AND PETER H. von HipreE. 


NATIONAL INSTITUTE OF ARTHRITIS AND METABOLIC DISEASES, BETHESDA, MARYLAND, AND 
DARTMOUTH MEDICAL SCHOOL, HANOVER, NEW HAMPSHIRE 


Communicated by Norman Davidson, August 1, 1963 


There has been considerable recent interest in the possible effects of proteins 
upon the biological properties of DNA; the role of histones in regulation of RNA 
synthesis has been discussed by a number of workers,!? while Monod and his 
colleagues* have suggested that in inducible enzyme synthesis the regulatory sub- 
stance acting upon DNA is a protein. All of these studies have been concerned 
with the ways in which protein may regulate the stability of the helical DNA struc- 
ture, making the bases more or less accessible for their potential roles in DNA and 
RNA synthesis. 

The experimental investigations of the effect of histones upon DNA stability 
demonstrate that they further stabilize the already stable two-stranded helical 
structure. In this paper we report an interaction between DNA and bovine 
pancreatic ribonuclease which leads to a marked destabilization of the helical 
DNA structure. It seems likely that this property of RNAase may have more 
general implications with regard to the mode of action of nucleases, polymerases, 
and other enzymes which act upon DNA. It is also conceivable that this kind of 
destabilization may be a prototype of protein-DNA interactions which have a 
regulatory role in biological systems. 

Materials and Methods.—Optical studies of thermal denaturation were carried out in a Zeiss 
PMQ II spectrophotometer, as described previously. Optical rotation measurements were made 
in a Rudolph Model 80 polarimeter, with photoelectric detector and oscillating polarizer. Tem- 
perature was determined to +0.050° by averaging the readings obtained in two dummy tubes 
placed in the thermostat fluid line on either side of the sample tube. The Spinco Model E ultra- 
centrifuge was used for analytical studies; measurements were made at 59,780 rpm. The Spinco 
Model L was used for sucrose gradient measurements, employing the SW-39 rotor and the gradient 
generating technique described by Martin and Ames.’ Conductance was measured using a 
Wheatstone bridge circuit in which two adjacent arms were conductivity cells, one containing 
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solvent only and the other containing DNA solution or a DN A-RN Aase mixture, both immersed 
in the same oil bath. The other two bridge arms were a fixed resistor and a variable resistor which 
could be adjusted to balance. Measurements were made at 1,000 cycles/sec. The variable re- 
sistance at balance has a value proportional to the ratio of the resistance of the DNA solution to 
that of the solvent. If both cells are filled with solvent, this ratio is independent of temperature. 
In the experiment described, three cells were used, one filled with solvent, another with DNA 
solution, and the third with DNA-RN Aase solution. By substituting one of the latter two cells 
for the other, it was possible to study the effect of RN Aase in a single experiment under conditions 
identical to those of the control. The precision of resistance measurements was +0.03%. 

Several samples of bovine pancreatic RN Aase were used. These were commercial preparations, 
a few from Worthington Biochemical Corp., but most from Gallard-Schlesinger Corp., described 
as “chromatographically homogeneous, salt-free, protease-free.’’ Some samples were further 
treated by passing aqueous solutions through columns of Bio-Rad Cellex D (DEAE-cellulose). 
Other samples purchased from Mann Research Laboratories were purified fractions A, B, and D 
prepared according to the method of Taborsky.® All of these samples gave qualitatively similar 
results in optical denaturation studies. The Gallard-Schlesinger samples were carefully tested 
for absence of DN Aase activity by incubation (3 hr, 37°) of 0.8 ml of DNA solution similar to 
that used in the optical density studies, either at pH 7 in phosphate buffer, or at pH 8.5 in Tris 
buffer, in the presence of 0.5 mg of RNAase. The reaction was ended by adding 0.25 ml of 15% 
perchloric acid and centrifuging for 15 min at 18,000 rpm in a Servall SS-34 rotor. The absorbance 
of the supernate showed no release of acid-soluble material. 

DNA was isolated from calf thymus by a method similar to that of Kay, Simmons, and Dounce,’ 
which has been described previously.’ T4 phage DNA was prepared by the method of Mandell 
and Hershey.* Various samples of a commercial preparation of calf thymus DNA (Worthington 
Biochemical Corp.) were also used. 

Reduced RN Aase, prepared by the method of Anfinsen and Haber" was a gift of Dr. R. Gold- 


berger. 
Assays for RNAase activity were performed using a method derived from that of Kunitz." 


The final reaction mixture contained 0.85 mg RNA (Schwarz, yeast, acid reprecipitated) and 6 
ug bovine serum albumin in 0.8 ml of 0.064 M acetate buffer at pH 5.0. After incubation for 10 
min at 37°, the reaction was terminated by adding 0.12 ml of 25% perchloric acid containing 
1.5% uranyl acetate. The mixture was allowed to stand at 0° for 10 min, then centrifuged in a 
Servall SS-34 rotor at 5,000 rpm for 15 min. A 0.2 ml sample of the supernate was added to 0.8 
ml of water, and the absorbance read at 260 my. The absorbance was linear in RN Aase concen- 
tration in the range 0.04—0.4 ug of RNAase. Assays for purposes of demonstrating inhibition by 
DNA were performed by adding concentrated DNA solutions to the above mixture before making 
up to volume. Assays of sucrose gradient fractions were performed under conditions which 
involved no measurable inhibition by the relatively small quantities of DNA present. 

Assay for denatured DNA in the presence of native DNA was performed upon fractions from 
the sucrose gradient sedimentation by diluting 0.15 ml of the fraction with 0.7 ml H,O in a spectro- 
photometer cuvette, measuring the absorbance at 260 my, then adding 0.1 ml of 1 M NaCl, mixing, 
end reading again. The absorbance change not due to dilution is directly proportional to the 
denatured DNA concentration.'2 The accuracy of these measurements is probably not greater 
than +10%. 

Results.—The addition of pancreatic RN Aase to a solution of calf thymus DNA 
in 0.002 M NaCl, 0.001 M/ phosphate buffer, pH 7.1, results in a marked lowering 
of the temperature at which denaturation commences (Fig. 1), as measured by the 
hyperchromism at 260 mu. However, between 55° and 65° there is a halt in the 
absorbance increase, and absorbance subsequently decreases when the temperature 
is raised. Further temperature increases result in resumption in the upward trend 
in absorbance, but the curve now lags behind that of the control. Similar experi- 
ments at higher ionic strength (Fig. 2) result in curves showing the same general 
behavior: below about 60°, there is destabilization of the RNAase-DNA mixture 
relative to the control; above 60°, the mixture is more stable than the control. 
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Fig. 1.—Absorbance increase of a calf thymus DNA-RNAase mixture at 260 my 
(plotted as fraction of maximum increase) as a function of temperature, in 0.002 
M NaCl, 0.001 M phosphate, pH 7.1. The small absorbance contribution from 


RNAase has been subtracted. OQ DNA control; starting absorbance = 0.624 = 
Ao; fractional absorbance increase = 0.43 (AA/Ao); @ 0.17 mg RNAase perml. Ao 
= 0.647; AA/Ao = 0.43. 


Fig. 2.—An experiment similar to that of Fig. 1, except that the solvent is 0.01 M 
NaCl, 0.001 M phosphate, pH 7.1. O DNA control; Ao = 0.713; AA/Ao = 0.42. 
e 0.14 mg RNAase per ml. Ao = 0.727; AA/Ao = 0.41. 


If the ionic strength is so high that there is no significant denaturation below 60°, 
only the stabilization effect is observed. If, in the experimental situation described 
in Figure 1, the temperature is raised slowly to 55° and then returned slowly to 25°, 
the absorbance returns to its starting value along the same path, an additional 
demonstration (see Materials and Methods) of the absence of DN Aase activity in the 
system. In a similar experiment in which the solution was heated to 65°, then 
cooled, the final absorbance was also the same as the starting absorbance. 

We have analyzed the hyperchromic dispersion‘ produced by RN Aase, and find 
that the effect is exerted predominantly upon A-T rich regions. A typical experi- 
ment in 0.002 M NaCl, 0.001 phosphate, shows an increase in A-T pairs denatured 
at 49° when RNAase is added, amounting to about 20 per cent of the A-T pairs 
(RNAase concentration 0.06 mg/ml, DNA concentration 1.2 X 10-4 1), while 
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there is at most an increase in G-C denaturation amounting to about 5 per cent of 
all G-C pairs. 

Other variables which are measures of degree of denaturation are similarly 
affected by RNAase. In Figure 3, the fractional increase in electrical conductivity, 





Fig. 3.—Conductivity change of a calf thymus DNA-RNAase mixture as a func- 
tion of temperature, plotted as the fraction of the maximum change. The con- 
ductivity measured is the ratio of that of the solution to that of the solvent under 
identical conditions (see Methods). The magnitude of the conductivity change is 
15% smaller in the DNA-RN Aase mixture than in the control, as would be expected 
for a partly neutralized DNA molecule. The total conductivity ratio increase of the 
control is 3.9% of its initial value. The initial conductivity of the DNA-RN Aase 
mixture is 22.5°% larger than in the control. The mixture was made by adding 
RN Aase adjusted to pH 8.7 to a DNA solution adjusted to pH 8.1. The solution 
was then adjusted to pH 8.0 with HCl. Precipitate which formed during the HCl 
addition was redissolved by stirring. The control was adjusted to pH 8.8 and then 
to 8.0. The solvent was 2.3 X 1073 M NaCl, 2 X 10-4 M ethylenediaminetetra- 
acetate, 2 X 10-4 M phosphate. Calf thymus DNA concentration = 0.55 mg/ml. 
RN Aase concentration = 0.95 mg/ml. e DNAcontrol; O DNA + RN Aase. 


compared to solvent alone, is shown for DNA with and without RNAase. It has 
been shown in earlier studies'* that the conductivity increase is correlated with 
denaturation. The addition of RNAase causes the same destabilization at low 
temperatures and stabilization at high temperatures revealed by the optical 
method. The optical rotation undergoes changes similar to those of optical density 
and conductivity. It should be noted particularly in Figure 4 that the reversal of 
the DNA destabilization effect coincides with the change in optical rotation of 
RNAase alone which occurs when RNAase undergoes its well-known thermal 
transition to a more unfolded form.‘ 

Hofstee™ has reported that under certain conditions of ionic strength and RN Aase 
concentration a precipitate is formed with DNA. It should be pointed out that, in 
the systems described here, there were neither precipitates nor suspended ag- 
gregates. The absorbance of solutions was frequently checked at 340 my to as- 
certain that it was small (usually 0.006 or less) and constant with temperature. 
Analytical ultracentrifuge studies revealed an increase in the median value of Seo, 
from 14.8 (Worthington Biochemical preparation, 1.3 X 10-4 M, 0.009 M NaCl, 
0.001 M phosphate pH 7, 0.08 mg RNAase/ml) to 26.8 when RNAase was added, 
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Fig. 4.—Optical rotatory change at 404 my as a function of temperature for 
RNAase, DNA, and RNAase + DNA. All measurements made at pH 8.8 in 0.01 
M NaCl, 0.005 M Tris, 0.001 M phosphate. DNA concentration = 0.8 mg/ml; 
RN Aase concentration = 2.3 mg/ml. The conditions appear to be near the solu- 
bility limit of the complex. The values of optical rotation at the lowest tempera- 
ture have been set at the same point on the scale, though there is a very small devia- 
tion from additivity of components in the DNA-RN Aase complex. —a4o4°° (for DNA) 
= +0.25°. A RNAase alone. G DNA alone. © RNAase + DNA. The dotted 
line is the difference between (RN Aase + DNA) and RN Aase alone. 


compatible with the almost threefold increase in molecular weight.'® There was 
no loss of material from solution at low rotational speeds, as judged by comparison 
of a photograph made during acceleration (at 5,000 rpm) with one made when 
operating speed was attained. Precipitation was sometimes observed at low ionic 
strength, using DNA concentrations greater than 10-4.M. This could be prevented 
by working at a pH of 8.0-8.5 (where the denaturation effects still oceur) or by 
forming the complex at pH 9 and adjusting the pH afterward with HCl. 

In an attempt to understand the basis of the destabilizing action of RNAase, 
we have carried out direct studies of the binding of RNAase to DNA. Figure 5 
shows a sucrose gradient zone sedimentation pattern of a calf thymus DNA- 
RNAase mixture in 0.01 M NaCl, 0.001 M phosphate, pH 7.1. It will be noted 
that the specific activity (RNAase: DNA ratio) is the same throughout the band, 
and that no detectable free RNAase remains at the top of the tube. The RNAase- 
DNA interaction is strong under these conditions. 

The question of the relative affinity of RNAase for native and denatured DNA 
is also of interest. A direct measurement by dialysis equilibrium, using an RN Aase- 
permeable membrane, with native DNA on one side of the membrane and denatured 
DNA on the other, proved impossible, because of the long equilibration time in- 
volved. A measurement was therefore made of the distribution of RNAase be- 
tween native and denatured DNA ina sucrose gradient zone ultracentrifugation. 
Native calf thymus DNA was sonicated briefly, and a portion of this was heat- 
denatured to give a material with Sx. of about 5. Two experiments were per- 
formed: in the first, native whole DNA was mixed with denatured sonicated DNA; 
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Fig. 5.—Sucrose gradient zone sedi- 
mentation of native calf thymus DNA. 
Gradient: 4.6 ml of 5-20% sucrose in 
0.01 M NaCl, 0.001 M phosphate, pH 


The sample in each case was 0.25 ml of 
a solution containing 0.67 mg/ml each 
of wholefand sonicated calf thymus 
DNA and 0.06 mg/ml of RNAase in 


7:1. The sample was 0.25 ml of DNA 
1 mg/ml, RNAase 0.17 mg/ml in the 
same solvent. Arrow shows direction of 
sedimentation. Centrifugation time 
was 1°/, hr at 39,000 rpm. DNA ab- 
sorbance and RNAase activity are 
shown on an arbitrary normalized scale. 
e DNA absorbance at 260; O RNAase 
activity. 


0.01 M |NaCl, 0.001 M_ phosphate 
pH7.1 Centrifugation time was 16 hr 
at 28,000 rpm. A = RNAase activity 
in arbitrary units; Cy = concentration 
of native DNA; Cp = concentration of 
denatured DNA. © Whole dena- 
tured DNA + sonicated native DNA. 
e Whole natives DNA + sonicated 
denatured DNA. 


in the second, native sonicated DNA was mixed with denatured whole DNA. 
RNAase was added to both, the mixture incubated at 4° for one week, and 0.25 ml 
of the samples layered on the sucrose solutions. Fractions were analyzed for native 
and denatured DNA and RNAase. In both experiments, the specific activity 
(RNAase activity per unit total DNA concentration expressed in monomoles of 
phosphate) was largest in the region of the band where the ratio of denatured to 
native DNA was largest. If it is assumed that the free RNAase concentration is 
constant throughout the band, then simple considerations of equilibrium lead to 
the prediction that a plot of (RNAase activity/native DNA concentration) versus 
(denatured DNA concentration/native DNA concentration) should be linear. 
Figure 6 shows that both sets of data fall on the same straight line, a result consistent 
with the assumption concerning free RN Aase concentration. It can be shown that 
the system equilibrates in a time short compared to the sedimentation time by 
adding native sonicated DNA to a mixture of denatured whole DNA and RNAase 
just before sedimentation. The distribution of the components is identical with 
that observed when RN Aase is added to the mixture of DNAs, and incubated one 
week before sedimentation. On the basis of this model, it can be estimated that 
the ratio of the RNAase affinity constants, Kaen./Knat., is 4-10, assuming that 
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both native and denatured DNA have the same number of ‘‘sites’’ per unit concen- 
tration available for binding. 

Results consistent with this conclusion are also obtained from a study of RN Aase 
enzymic activity in the presence of native or denatured DNA. Under the condi- 
tions of the assay (see Methods), a concentration of denatured DNA approximately 
equal to that of the RNA results in reduction of the activity by about 70 per cent. 
The same concentration of native DNA causes a 15 per cent reduction in activity. 

The effect of RNAase appears to depend upon its conformation: reduced RN Aase 
causes only a rise in denaturation temperature. Chymotrypsin also causes a rise, 
while lysozyme and bovine serum albumin have little measurable effect.” Effects 
of native RNAase upon T4 phage DNA are qualitatively similar to those reported 
for calf thymus DNA. 

It should be noted that the “bump” in the denaturation curves shown in Figures 
1 and 2 is not always observed, but is dependent upon the ratio of RNAase to DNA 
concentrations. The general effects of destabilization below 60° and stabilization 
above 60° are, however, always observed. Some precautions must also be taken 
with regard to mixing RNAase and DNA so that there is never a local excess of 
RNAase; without such precautions precipitate may form. It also has been found 
that the strength of the interaction is much reduced by salt concentrations 0.1 M/ or 
higher. 

Discussion.—The results show that below about 60° RNAase has a destabilizing 
effect upon native DNA, while above that temperature it has a stabilizing effect. 
The critical temperature region is just that in which RNAase itself undergoes a 
temperature-induced transition to a more unfolded form, and it appears reasonable 
to conclude that native RN Aase destabilizes the helical structure, while “denatured” 
RNAase, acting like an ordinary polycation, stabilizes it. The absence of the 
destabilizing effect with reduced RN Aase is consistent with this picture. 

The studies of competition for RNAase between native and denatured DNA are 
consistent with the destabilizing effect; in an equilibrium system, the lowering of the 
denaturation temperature must arise from the preferential binding of the RNAase 
to the denatured form. The results summarized in Figure 6 were obtained at 4°, 
rather than at the denaturation temperature, but the enzyme inhibition study 
carried out at 37° gives similar results, suggesting that the ratio of the two affinity 
constants is relatively independent of temperature below the denaturation temper- 
ature of RNAase. It is surprising that there is no large change in the denatura- 
tion temperature of RNAase itself, arising from its interaction with DNA. This 
presumably is the result of approximately equal strengths of binding of native 
RNAase to denatured DNA and of denatured RNAase to native DNA. In that 
‘ase, the denaturation temperature of RNAase would be perturbed very little 
provided that its denaturation occurred in a temperature region where native and 
denatured DNA concentrations are of the same order of magnitude. 

It seems likely that the properties of RNAase described in this paper are related 
to its nuclease activity; the preferential binding to denatured DNA may arise from 
the specificity of interaction between RN Aase and the bases of the polynucleotide, 
even though DNA is not a substrate. These properties of RNAase may be of more 
general significance in connection with the partial or complete “unzippering”’ of the 
helical DNA molecule, a process which must presumably occur when DNA is acting 
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as a template for DNA or RNA synthesis. It seems possible that destabilization of 
helical structure may be a property of many enzymes which act upon or in conjune- 
tion with DNA, and that the “unzippering” activity is inherent in the enzyme, 
requiring no other enzyme or energy source. This does not seem an unreasonable 
situation, since enzymes which must “recognize” the bases are likely to have a 
greater affinity of binding to denatured DNA than to the native form, an affinity 
which ensures a lowering of the denaturation temperature. Recent results with 
the enzyme micrococcal nuclease’* suggest that there are major differences in the 
nature of the enzyme complexes with native and denatured DNA, both of which are 
substrates. 


The results reported here raise the question of whether some regulation of protein 
synthesis at the nucleic acid level may be brought about by as yet undetected pro- 
teins, neither nucleases nor polymerases, which destabilize helical structure. Such 
proteins would presumably possess selectivity with regard to the base sequence of 
the destabilized region. It should be pointed out, however, that the selectivity of 
RN Aase for A-T rich regions may arise solely from their relative ease of denatura- 
tion, combined with the greater affinity of RNAase for denatured DNA. 


We wish to thank Dr. Robert Goldberger for his gift of reduced RN Aase, and acknowledge the 
technical assistance of Mr. Kwok-Ying Wong. 
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THE PHOTOREDUCTION OF IRON IN PHOTOSYNTHETIC 
PYRIDINE NUCLEOTIDE REDUCTASE* 
By Keen T. Fry, Ropert A. Lazzarii,t anp ANTHONY SAN PreTRO 
CHARLES F. KETTERING RESEARCH LABORATORY, YELLQW SPRINGS, OHIO 


Communicated by W. D. McElroy, August 20, 1963 


Several years ago, San Pietro and Lang! presented the first evidence that the re- 
duction of pyridine nucleotides by illuminated chloroplasts requires a protein 
‘atalyst. This protein, named by them ‘“‘photosynthetic pyridine nucleotide re- 


ductase’”’ (PPNR), has subsequently been shown to be of prime importance in the 
conversion of electromagnetic energy into useful chemical energy in the form of 
TPNH and ATP.? 

It has been shown that PPNR can be reduced by illuminated chloroplasts,*~ 
by hydrogen and hydrogenase,® or by hydrosulfite. The changes in the visible 
spectrum of the enzyme observed upon reduction by each of these methods are simi- 
lar and, moreover, are reversible. The reduced enzyme can be reoxidized with 
molecular oxygen or TPN. The latter oxidant requires the presence of a flavo- 
protein, pyridine nucleotide transhydrogenase,’~® which is present in chloroplasts. 

In view of the fact that PPNR contains nonheme iron,*: ® ™ |! we felt it was 
important to learn whether the reduction of the enzyme could be correlated with a 
change in the valence state of the metal. In the present paper the reduction by 
illuminated chloroplasts of one half of the iron in PPNR is demonstrated. 


Materials and Methods.—Purification of PPNR: ‘The purification of the protein through the 
protamine sulfate precipitation step was as described by San Pietro and Lang.! The protein was 
further purified by treating an extract of the protamine sulfate precipitate, in 0.5 M Tris-HCl 
buffer, pH 8, with a slurry of Dowex-1-formate and bentonite.’ After centrifugation, the PPNR 
present in the supernatant solution was concentrated by adsorption on a short column of diethyl- 
aminoethyl cellulose, followed by elution with 0.05 M Tris-HCl buffer, pH 8, which was molar in 
sodium chloride. The eluate was dialyzed at 4° against dilute buffer to remove the sodium 
chloride. 

Protein prepared by this method has been shown to be homogeneous by electrophoresis, column 
chromatography, and ultracentrifugation.'* During prolonged storage at 0° or following frequent 
freezing and thawing, a slight loss in the visible absorption of the material occurs. The ratios of 
absorption in the visible region at 330, 420, and 460 mu to that at 280 my were 0.59, 0.42, and 0.38, 
respectively, for the purified preparation used in the experiments reported in Tables 3 and 4 below. 
For the photobleaching experiments (Table 1) a purified preparation was fractionated on a column 
of Sephadex G-75, as suggested by Dr. Robin Hill of Cambridge University. This procedure 


TABLE 1 
CORRELATION BETWEEN EXTENT OF PHOTOBLEACHING AND REDUCTION OF IRON 
% Fer*/ 
Illumination % Bleaching % Total iron in average % 
time, min 420 mu 460 mp ferrous state bleaching 
0.5 32 19 0.58 
1.0 74 33 0.45 
3.0 ( 97 44 0.45 


Fach reaction mixture contained 2.5 mg PPNR (equivalent to 0.244 ywmoles iron), chloroplasts 
equivalent to 19.2 ug chlorophyll, 2 mg glucose oxidase, 0.2 mg catalase, 20 mg glucose, and 135 
umoles Tris-HCl buffer, pH 7.45, in a total volume of 2.95 ml. After illumination, 0.3 ml of 2 X 107? 
M PCMS, prepared in 0.2 M Tris-HCl buffer, pH 8, and 0.3 ml of 10-2 M OP were added sequentially 
through the serum cap. The amount of PCMS added is about six times that required to titrate the 
sulfhydryl groups of the PPNR as determined either by the method of Boyer™ or by bleaching of the 
visible absorption of the protein.” 

In a dark control, 6% of the total iron was in the ferrous state. The data presented above have 
been corrected by this amount. 


652 
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yielded the most highly colored preparation of PPNR obtained in this laboratory, with the ratios of 
absorption at 330, 420, and 460 my to that at 280 my being 0.65, 0.49, and 0.44, respectively. 

Protein concentration was routinely determined by the spectrophotometric method of Warburg 
and Christian." 

Determination of iron: The iron content of PPNR samples was determined spectrophoto- 
metrically by measuring absorption at 510 my following conversion of the iron present to the ferrous 
triphenanthrolate complex (Esio = 11,100)" in the presence of excess 1,10-phenanthroline (OP). 
Samples of PPNR to be assayed (containing up to ca. 5 yg of iron in a total volume of up to 0.5 ml) 
were made up to 3.0 ml in a solution which was 3.3 X 10~* M in OP and 0.033 M in acetate buffer, 
pH 5.0. The absorption at 510 mp was measured after heating at 75-80° for 5 min. These 
conditions were sufficiently drastic to release all the iron from the protein. This was shown by 
analyzing a preparation for iron both by this method and by the wet-digestion method, in which 
the protein is digested with HClO, and HNO, and the iron released is assayed as the ferrous tri- 
phenanthrolate complex in the presence of hydroxylamine as the reducing agent.'’® The results 
obtained by the two methods agreed to within 3%. 

Photoreduction of PPNR: The reduction of PPNR by illuminated chloroplast fragments was 
carried out in Thunberg cuvettes (Kontes Glass Company, Vineland, New Jersey). The Thun- 
berg cuvette tops were fitted with an entry port of 7-mm ID glass tubing which was sealed with a 
rubber serum cap so that additions could be made to the reaction mixture by means of a hypo- 
dermic syringe. The main compartment of the cuvette contained PPNR, glucose oxidase, chloro- 
plast fragments, Tris-HCl buffer, and, in some experiments, catalase. The side arm contained a 
solution of glucose. Each cuvette was evacuated and flushed with argon four times and finally 
filled with argon to a slight positive pressure (equivalent to 15 mm of mercury). The glucose 
solution was tipped from the side arm and the cuvettes placed in a water bath at 25° for 2-4 min 
to allow for temperature equilibration and removal of the residual oxygen by the glucose—glucose 
oxidase trapping system. 

The anaerobic mixtures were illuminated for various intervals with light which had been passed 
through 7 cm of water to remove the infrared component. The light incident on the cuvettes had 
an intensity of 2,800-3,200 ft c. Routinely the reaction mixture and a control mixture in which 
PPNR was omitted were illuminated simultaneously. The control mixture was then used as the 
blank in all spectral measurements made on the reaction mixture. The extent of photoreduction 
of the enzyme was calculated by comparing the decrease in absorbance at 420 my and 460 mu 
during illumination with that which accompanies reduction by sodium hydrosulfite. Solutions of 
TPN, OP, or p-chloromercuripheny] sulfonic acid (PCMS) were added to the reaction and control 
mixtures through the serum caps. These solutions were deaerated by bubbling purified nitrogen 
through them for 15 min prior to use. Spectral changes accompanying the photoreduction, as 
well as those coincident with the introduction of solutions through the serum cap, were followed in a 
Bausch and Lomb recording spectrophotometer, Spectronic 505, modified so that the sample 
chamber would accommodate Thunberg cuvettes. 

In determining ferrous iron as the triphenanthrolate complex, the absorption at 510 my was 
corrected for the residual color of the PCMS-treated PPNR. At the end of each experiment a 
few crystals of sodium hydrosulfite were added to both the reaction mixture and the blank to 
reduce the residual ferric iron present. Both solutions were centrifuged to remove turbidity, and 
the difference spectrum was determined. In each case the absorption observed at 510 my agreed 
to within 5% with that expected from the iron present in the enzyme alone as determined in a 
separate analysis. No ferrous triphenanthrolate complex was observed by visual examination of 
the blank. 

Chemical reduction of PPNR: The reduction of PPNR by sodium hydrosulfite was also per- 
formed in Thunberg cuvettes. A solution of the enzyme in 0.05 M Tris-HCl buffer, pH 7.45, was 
placed in the cuvette compartment, and a few crystals of sodium hydrosulfite were placed in the 
sidearm. The cuvette was evacuated and flushed with argon as described above. The spectrum 
of the solution before and after the addition of the reductant was determined. 

Other methods and materials: PPNR activity was determined by measuring the reduction of 
TPN in the presence of illuminated chloroplasts as described by San Pietro.'7 Chloroplasts were 
prepared from spinach leaves as described previously.'* Chlorophyll concentration was deter- 
mined as described by Arnon.!® 
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The sodium salt of p-chloromercuripheny! sulfonic acid and glucose oxidase (Type II) were 
obtained from the Sigma Chemical Company. Three-times-crystallized horse-liver catalase was 
a gift from Dr. Bruce Burnham. 

Experimental Results.— Reduction with hydrosulfite: Treatment of PPNR with 
hydrosulfite leads to an immediate partial loss of the absorption of the protein in the 
visible region of the spectrum as shown in ligure 1 (compare curves I and II). The 

reduced protein can be reoxidized with 
oxygen, thereby regenerating essen- 
tially the original absorption spectrum 
of the protein (curve IIT). 

The decrease in absorption follow- 
ing hydrosulfite treatment corresponds 
to a loss of about 49 and 55 per cent of 
the original absorbance at 420 mu and 
460 mu, respectively. In calculating 

aces ae ' the extent of photobleaching in experi- 
WAVELENGTH my ments reported below, these values 

Fic. 1.—Reduction of PPNR with hydrosul- Were assumed to represent complete 
fite. Curve I, original absorption spectrum; bleaching. Similar absorbancy changes 
curve II, 1.75 min after the addition of sodium 7 ae 
hydrosulfite; curve III, after reoxidation with (00 per cent at 420 mu and 54 per cent 
oxygen by briefly passing air through the solu- gt 463 my) have also been reported by 
— Whatley ef al.5 for reduction with hy- 
“| drosulfite. 

It should be noted that prolonged 
incubation of the PPNR with hydro- 
sulfite leads to a slow secondary de- 
crease in absorbance which may be due 
to breakdown of the protein. 

Photoreduction of tron in PPNR: 
igure 2 demonstrates the photobleach- 
ing of PPNR and the appearance of 
ferrous iron, measured following reac- 
tion with OP. In general, the absorp- 

tion spectrum of the reaction mixture 
fie-2-Pitaleing of PENI anl app yas determined before (curve 1) and 
Time of illumination, 3 min. The results are after (curve II) a given period of illu- 
summarized in Table 1. Curve I, before mination. Immediately _ thereafter, 
illumination; curve II, after illumination; curve i. : ‘ 
III, plus PCMS; curve IV, plus OP. PCMS was added to bind protein sulf- 

hydryl groups so they would not reduce 
the ferric iron present (see Discussion) and the spectrum of the decolorized protein 
was recorded (curve III). Then OP was added, and the absorption spectrum re- 
corded again within 2 min of mixing (curve IV). 

Prolonged incubation of the reaction mixture after treatment with PCMS and 
OP results in the slow formation of additional ferrous triphenanthrolate complex. 
This slow complex formation is clearly distinct from the rapid reaction observed im- 
mediately after mixing. The nature of this secondary reaction was not investi- 
gated. 
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The difference between curves I and IT is a measure of the extent of photobleach- 
ing of the PPNR. The amount of ferrous iron formed is calculated from the dif- 
ference at 510 my between curves III and IV. This calculation assumes that the 
difference spectrum between curves III and IV is that of ferrous triphenanthrolate. 
That this is indeed the case is shown in Figure 3. 

Effect of time: The time dependence of the 
photobleaching of PPNR and the photoreduc- 
tion of iron isshownin Table 1. Both reactions 
are almost linear for the first minute and are 
essentially complete at the end of 3 min. 
lurthermore, the rate of photobleaching cor- 
relates very well with the rate of appearance 
of ferrous iron as shown by the constancy of the , 


ratio of per cent ferrous iron to the average per nn elealeiee tine 


cent bleaching. 
e ° e ° ° rac. 3 Spec > s 
It is clear that one half the iron is in the Fic. 3.—Spectrum of ferrous tri 
oa phenanthrolate complex. Upper curve, 
ferrous state when the protein is completely standard; lower curve, difference spec- 
trum between curves III and IV of 
Fig. 2. 





ABSORBANCE 








bleached (compare columns 2 or 3 with column 
1). In a control experiment, the amount of 
ferrous iron formed when the protein was illuminated for an extended period (15 
min) in the absence of chloroplasts was comparable to that observed in the dark 


control reported. 
Since the photobleaching of PPNR is essentially a Hill reaction, there is associated 


with it the release of a stoichiometric amount of molecular oxygen. The addition 
of the glucose-glucose oxidase trapping system greatly increases the net rate of 
photobleaching (Table 2). Although catalase was included in the experiments re- 


TABLE 2 
ErrEcT OF GLUCOSE-GLUCOSE OXIDASE ON PHOTOBLEACHING OF PPNR UNDER ANAEROBIC 
CONDITIONS 


Illumination Glucose oxidase, - Y Bleaching 
time, min mg 420 my 460 my 


6 0 17 15 
6 0.5 83 86 


Each reaction mixture contained 2.6 mg PPNR, chloroplasts equivalent to 22 wg chlorophyll, 10 mg glucose, and 
135 wmoles Tris-HCl! buffer, pH 7.45, in a total volume of 2.8 ml. 
corded in Table 1, similar correlations between the extent of photobleaching and re- 
duction of iron were obtained in the absence of added catalase. It should be noted 
that the glucose oxidase preparation used contained catalase as an impurity. 

Reoxidation of bleached protein with TPN: When the photobleached PPNR was 
reoxidized by TPN in the presence of chloroplasts, there was essentially complete 
restoration of the original spectrum of the protein (Tables 3 and 4). In a control 
experiment, water was added in place of the TPN solution (Table 3, last line), and 
the absorbancy change observed was negligible. 

It is seen that in the control mixture to which TPN was not added 43 per cent of 
the total iron was in the ferrous state (Table 3). After reoxidation with TPN, the 
percentage of iron in the ferrous state is greatly decreased (Table 3). 

The photobleached PPNR was stable when kept in the dark up to 25 min before 
addition of TPN (Table 4). The enzymatic activity of the PPNR used in these 
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TABLE 3 
Amount Or Ferrous IRON AFTER PHOTOBLEACHING FOLLOWED BY REOXIDATION wiTtH TPN 
% Restoration 


Illumination — % Bleaching——— - of original spectrum—. % Total iron in 
time, min 4 20 my 460 mu TPN 420 my 460 my ferrous state 


38 40 + 98 9S 7 

&5 86 + 93 92 9 

93 95 + O4 93 11 

87 88 _ 43 
Each reaction mixture contained 2.6 mg PPNR (equivalent to 0.237 ywmole iron), chloroplasts equivalent to 
18.4 weg chlorophyll, 0.5 mg glucose oxids ase, 10 mg glucose, and 135 wmoles Tris-HCl buffer, pH 7.45, in a total 
volume of 2.8 ml. Where indicated, 1.1 ~zmole TPN was added after illumination. PCMS and OP were then 


added as indicated i in Table 1 
In a dark control in the 4 ai of TPN, 6% of the total iron was in the ferrous state. The data presented 
above have been corrected for this value. 


TABLE 4 
REVERSAL OF PHOTOBLEACHING BY TPN AND Recovery oF ENzyMatic ACTIVITY 
Time, min, % Restoration of 


Illumination —% Bleaching in dark original spectrum—. % Original 
time, min 420 my 460 my before TPN 420 my 460 mu activity 


85 86 5 93 94 92 
81 81 10 92 91 93 
77 80 25 91 91 89 


Experimental conditions similar to those described in Table 3. 


experiments was again determined after photobleaching and subsequent reoxidation 
by TPN. It is seen that there was very little loss in enzymatic activity (Table 4, 
last column). 

Discussion.—Although incubation of PPNR with OP results in the slow removal 
of iron as the ferrous triphenanthrolate complex,'® this observation does not estab- 
lish the oxidation state of the metal in the native enzyme, since reduction of ferric 
iron could occur before, during, or after release from the protein. Under com- 
parable conditions, reaction of the iron in the enzyme with the ferric chelator Tiron 
(1,2-dihydroxybenzene-3,5-disulfonate) is negligible when compared to reaction 
with OP. If, however, the protein is treated with PCMS”* to (1) block sulfhydryl] 
groups and (2) make the iron present more accessible to the chelating agents, then 
there is rapid reaction with Tiron and only slow reaction with OP.*!_ The slow reac- 
tion with OP is probably due to reduction of ferric iron by reducing groups which 
are not blocked by the mercurial. We interpret these observations to mean that 
the metal in the native enzyme is in the ferric oxidation state. 

The simplest interpretation of the data reported is that one half the total iron in 
PPNR ean be reduced in the presence of illuminated chloroplasts. Using a value of 
2 atoms of iron per mole of protein,®: *: '°: 73 it is apparent that PPNR functions as a 
one-electron carrier if it is assumed that iron is the functional redox cofactor. The 
conclusion that PPNR is a one-electron carrier is consistent with the report by 
Whatley et al.5 that 1 mole of TPN will oxidize 2 moles of reduced PPNR. 

The alternative explanation—that all the iron is reduced during photobleaching 
but that only one half of it is accessible to react with the OP—seems unlikely. 
In view of the good correlation between the extent of photobleaching and the 
amount of ferrous iron detected, it is further unlikely that there could have been sig- 
nificant reoxidation of the ferrous iron once formed. 

Summary.—The bleaching of PPNR by illuminated chloroplasts was accom- 
panied by a corresponding reduction of protein-bound ferric iron. One half the 
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iron in the completely bleached protein was found to be in the ferrous oxidation 
state. 
The authors are grateful to Mrs. Linda Mattison for technical assistance. 


* Contribution 126 of the Charles F. Kettering Research Laboratory. This research was 
supported by a grant (GM-10129-01) from the National Institutes of Health, U.S. Public Health 
Service. 
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THE EFFECTS OF ULTRAVIOLET-IRRADIATED POLYURIDYLIC 
ACID IN CELL-FREE PROTEIN SYNTHESIS IN ESCHERICHIA 
COLI, Il. THE INFLUENCE OF SPECIFIC PHOTOPRODUCTS* + 
By LAWRENCE GROSSMAN 
GRADUATE DEPARTMENT OF BIOCHEMISTRY, BRANDEIS UNIVERSITY, WALTHAM, MASSACHUSETTS 


Communicated by Martin D. Kamen, July 30, 1963 


Polyuridylie acid (poly U) has been shown by Nirenberg and his group! and 
also by Ochoa and his collaborators®~"° to act as a messenger RNA template for the 
synthesis of polyphenylalanine in extracts of Escherichia coli. The inferred triplet 
sequence responsible for directing the incorporation of the amino acid phenylalanine 
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by poly U is UUU. This polymer can also act as a template for the synthesis of 
polyadenylie acid in the RNA polymerase of Micrococcus lysodeikticus': '* and 
Azotobacter vinelandii.'*:'4 These two different enzymatic systems, one involving 
coding for amino acids and the other involving replication, provide a logical assay 
for determining whether alterations of the structure of the uracil moieties have an 
effect on the coding properties of treated poly U. Use of the enzymatic systems 
have been made for appraising the changes which can be induced by ultraviolet 
light. The behavior of such effects in the amino acid incorporating system will be 
reported in this communication. 

Sinsheimer and Hastings" first showed that, when uridine and uridylic acid are 
irradiated in aqueous solution, there is a rapid loss of their characteristic absorbance 
spectrum. This absorbance loss was reversed either by heating the irradiated 
samples or by acid treatment. Sinsheimer and Hastings attributed these modi- 
fications to the formation of a water adduct and postulated that hydration of the 
4,5-double bond of uracil could account both for the loss of the absorption spectrum 
and the reversibility by subsequent treatment with acid or heat. Wang et al.," 
Moore and Thompson," and Wang" succeeded in proving that the structure of the 
irradiation product of 1,3-dimethyluracil was that of 1,3-dimethyl-4-oxyhydrouracil. 
This proof was further substantiated by Moore!’ who was able to synthesize this com- 
pound and showed it to be identical with the irradiation product of uracil. Wierz- 
chowski and Shugar”’: ?! extended these studies to dinucleotides of uridine and later 
to polyuridylic acid. These investigators were able to conclude from this work, which 
was done prior to the discovery of thymine dimers,*”~*? that approximately 50 per 
cent of the irradiated polyuridylic acid contained a photoproduct which could be re- 
versed by heat or by treatment with acid. Swenson and Setlow*? ** studied the 
irradiation of poly U and demonstrated that, like thymine dimers, the heat-resistant 
photoproducts could be reversed by reirradiation at 238 mu. It appears, then, that 
at least two photoproducts are formed when poly U is irradiated—one which be- 
haves in many respects like the water addition product, the hydrate, and the other 
a uracil-uracil dimer. 

The effects of irradiated poly U in the amino acid incorporating system resulted 
in a loss of phenylalanine incorporation**;* which was partially substituted by the 
incorporation of C'‘-serine.*4 Of the 17 radioactive amino acids tested for incorpora- 
tion, only serine required that the poly U be irradiated. The polypeptide poly- 
phenylalanylserine was isolated from such reaction mixtures, showing that a new 
and specific kind of protein was formed following UV irradiation. 

A further examination into the nature of the photoproducts responsible for serine 
incorporation is described in this communication and concerns the influence of the 
uracil hydrate and dimer moieties in poly U on amino acid incorporation. 

Methods.—The isolation and purification of polynucleotide phosphorylase: Polynucleotide phos- 
phorylase was isolated from dried M. lysodeikticus cells (Miles Chemical Company, Clifton, New 
Jersey) according to the procedure of Steiner and Beers.% The enzyme was assayed during purifi- 
cation by following inorganic phosphate release when a mixture of 0.5 ml of each of the following 
ingredients was incubated for 20 min at 37°: 1M KCI,8 XK 1073 M MgCl, 0.1 M Tris (hydroxy- 
methylaminomethane) buffer, pH 9, either 0.4% ADP, 0.4% CDP, or 0.49% UDP, and an appro- 
priate dilution of the enzyme. The reaction was terminated with 1 ml of 10% perchloric acid, 
and the sediment removed by centrifugation followed by inorganic phosphate analysis of the 
supernatant fraction. 
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Preparation of poly U: Large scale preparations of poly U were routinely carried out in Ostwald 
viscometers (90 sec outflow, Scientific Glass Apparatus Company 4JB 4175). The components 
of the reaction mixtures consisted of the following: 1 ml of a 10° UDP solution, 0.3 ml of 0.01 M 
MgCh, 0.8 ml of 0.5 M Tris buffer, pH 9.5, 0.2 ml of enzyme and water toa total volume of 4 ml. 
The viscometers were immersed in a 37° waterbath and, when the relative viscosity attained a 
plateau, the reaction was terminated by chilling to 0-3° and the solution made 10~3 M in ethylene- 
diaminetetraacetate (EDTA) and 0.5 M in KCl. Purification procedures described by Steiner and 
Beers® were then followed. Prior to use of the amino acid incorporating system, the polymers 
were passed through a G-100 Sephadex column in 0.05 M NaCl and the leading peak employed 
in the amino acid incorporating system. The concentrations of poly U were determined spectro- 
photometrically using the extinction coefficients published by Warner.** The sedimentation 
coefficients of the polymers ranged from S® of 5-6. 

Characterization of the polymer: The purity of the poly U was determined by electrophoresis 
of the intact polymer soiution and of the alkaline hydrolysate. 

The amino acid incorporating system: The procedures described by Nirenberg! * were fol- 
lowed for the isolation of the undialyzed 8-30 fraction of E. coli B, which had been grown to log 
phase. The incubation conditions were the same as those described previously** with the excep- 
tion that C'-phenylalanine incorporation was carried out in the absence of other amino acids; 
when C'*-serine incorporation was followed, phenylalanine was included in the reaction mixtures. 
The labeled amino acids employed in these experiments were obtained either from Schwarz Bio- 
Research, Inc., or from New England Nuclear Corp. The purity of the amino acids was deter- 
mined chromatographically, and in some cases, when contaminating radioactivity was found, the 
amino acids were purified on paper chromatography, eluted, and then used directly. 

Ultraviolet irradiation: The irradiation conditions at 253.7 my were described previously.** 
Irradiations with monochromatic UV light were performed with the quartz monochromator de- 
scribed by Winkler, Johns, and Kellenberger.””) The irradiations were carried out with 2 ml 
samples in Beckman quartz cells and the solutions shaken for 30 seconds every 5 min of irradia- 
tion. The output of the monochromator was monitored by a photocell which had been calibrated 
both chemically and physically as described previously.” 

Results and Discussion.—Base-catalyzed dehydration: Sinsheimer and Hastings 
showed that the UV photoproduct of uridine irradiated in aqueous solution could be 
reversed by either heat or acid. Treatment of irradiated poly U under these con- 
ditions resulted in a return of the absorbance, the spectra of which, however, were 
not identical to the unirradiated polymer. Further analysis of the dehydration 
mechanisms for irradiated uridine indicated, as seen in Figure 1, that the dehydra- 
tion is base-catalyzed, and the return of absorbance at 262 mu proceeds according 
to pseudo first-order kinetics. This reaction appeared to be general base-catalyzed, 
since the dehydration rate constants are dependent on the concentration of the 
basic buffer systems, imidazole : imidazole hydrochloride and Tris : Tris hydro- 
chloride. 

The dehydration of UV-irradiated poly U by base catalysis was carried out in 
0.01 M Tris buffer at pH 8.3. The spectra of the poly U following dehydration 
with Tris or imidazole buffer (85° for 15 min) were similar to unirradiated poly U, 
although the absorbance did not return to its original level since there were dehydra- 
tion resistant photoproducts formed. 

The effects of monochromatic UV light on the spectrum of poly U: Solutions of 
poly U were exposed to monochromatic UV light, and the absorbance spectrum was 
recorded at various times during the irradiation process. These results are shown in 
‘igure 2, in which the absorbance at 262 my taken from the complete absorbance 
spectra is depicted as a function of irradiation dose. It can be seen that the irradia- 
tion of poly U at 285 mu results in a rapid loss of absorbance which is not restored 
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Fic. 1.—Pseudo first-order kinetics of 
the dehydration of irradiated uridine. 
Solutions of 5 xX 107% M uridine were 
irradiated, and 0.3 ml aliquots were 
brought to 3.0 ml in stoppered cuvettes 
with solutions of varying NaOH concentra- 
tion in 0.1 M NaCl. The pH was deter- 
mined and the absorbance increase at 262 
my measured in the Zeiss spectrophotom- 
eter equipped with a heating block 
which was maintained at 85° by a Haake 
water: glycerol (1:1) bath. The rate con- 
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Fic. 2.—The effect of monochromatic 
UV light on poly U: absorbance changes. 
Irradiated solutions of poly U (100 yug/ 
ml/0.1 M NaCl) were diluted tenfold for 
absorbance measurements in the Carey 
recording spectrophotometer. The de- 
hydration conditions were the same as 
those described in the legend for Table 1. 


Proc. N. A.S. 





stants were calculated from the spectro- 
photometric data according to the method 
previously described.* 


when the irradiated poly U samples are exposed to dehydration conditions. Irradia- 
tion of poly U at lower wavelengths of UV light results in a slower rate of absorb- 
ance loss. The loss of absorbance resulting from irradiation at 245 my is restored 
following dehydration. 

Thymine-thymine dimers are formed when either the free bases or nucleotides 
are irradiated in ice*®~*? and are reversed when the thawed solutions are reirradiated. 
The work of Johns, Rapaport, and Delbriick®’ and of Setlow and Setlow?® has shown 
that thymine-thymine dimers form preferentially at high wavelengths of UV and 
are reversed by lowering the wavelengths of irradiation. 

In Figure 2 it can be seen that poly U which had been irradiated at 285 my is 
insensitive to dehydration, whereas reirradiation at 245 mu imposes sensitivity. 
Again, these results confirm the previous contention that at least two photoproducts 
are formed when poly U is irradiated. At higher wavelengths a uracil-uracil dimer 
is formed which is photoreversible at 245 my. Also, at this same wavelength, the 
uracil moieties in poly U become hydrated and result in sensitivity to dehydration. 
A summary of these results is shown in Figure 3. Thus, it is possible to separate 
the photoproduct species formed in poly U by selection of specific wavelengths of 
UV light. 

The effects of dehydration on irradiated poly U coding: Poly U was irradiated at 
253.7 mu, subjected to the effects of dehydration, and amino acid incorporation 


examined. It can be seen in Table 1 that the conditions used for dehydration in 
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Tris buffer had no effect on the incorporation of 

C'*-phenylalanine with nonirradiated poly U. 

Following irradiation, C'*-serine incorporation 

increases and is accompanied by a decrease in 

the incorporation of C'*-phenylalanine. The 

incorporation of C'*-serine is significantly re- 

versed when the irradiated poly U is dehy- 

drated, whereas the extent of C'*-phenylalanine 

incorporation following dehydration is only Fic. 3.—Poly U irradiation photo- 

partially reversed by dehydration. These data products. 

imply that there are at least two photoproducts 

formed when poly U is irradiated and that each one of these products has a differ- 
ent effect in the amino acid incorporating system. The molecular species respon- 
sible for C'*-serine incorporation is extremely sensitive to dehydration conditions 
and may be due to the hydrated uracil. The photoproduct which is apparently re- 
sponsible for a significant portion of the loss of phenylalanine incorporation is resist- 
ant to dehydration and may be attributable to the formation of a uracil-uracil 


dimer. 


TABLE 1 
Tue Errects oF DEHYDRATION ON UV-IRRADIATED PoLyURIDYLICc AcID 


——Incorporation Rate——— 
uumoles min~! mg protein! 
Poly U treatment (10 we/ml) Serine Phenylalanine 


Unirradiated 0.0 350 
Unirradiated; then dehydrated 0.0 345 


4 X 10° ergs/mm? UV 9.! 104 
9 


4 X 10° ergs/mm? UV; then dehydrated 2.6 153 
8 X 10° ergs/mm? UV 16.7 47 
S X 10° ergs/mm? UV; then dehydrated 1.$ 214 

The reaction mixtures contained the following in mole/ml: 100 Tris (hydroxy methyl)-aminometh- 
ane, pH 7.8; 10 magnesium acetate; 50 KCl; 6.0 mercaptoethanol; 1.0 ATP; 5.0 phosphoenolpyru- 
vate, K salt; 20 wg pyruvate kinase, crystalline; 0.03 each of GTP, CTP, and UTP; 0.024 umole of 
U-Cie ohenylalanine (900,000 counts/min); 10 wg of poly U or irradiated poly U; 3.5 mg of incu- 
bated S-30 protein were added. The total volume was 0.3 ml. fone were incubated at 37° for 30 
min, and the reac tions were terminated by the addition of 5 ml of 5% TCA. The precipitates were 
washed 5 times with 5% TC A in the cold and then with 5 ml of 5% TC x for 15 min at 90° and ethanol. 
They were then washed 5 times with 5% TCA on millipore filters which were placed on planchets 
and counted. Dehydration conditions: irradiated solutions of poly U (100 ug/ml/0.1 M NaCl) were 
heated at 85° for 15 min in 0.01 M Tris, pH 8.3. 


The template activities of poly U irradiated with monochromatic UV light: The 
differences in sensitivity of poly U to light at 285 my and at 245 my can be related to 
the intensities of the source of irradiation. It is apparent from the data in Figure 
4 that the decrease in C'*-phenylalanine incorporation, followed as a function of the 
absorbance properties of the poly U, is much greater at 245 my than at 285 mu. 
Although the quantum yields have not been determined for these two different 
photoproducts, it is apparent that the formation of uracil hydrates is more damaging 
to the template properties of poly U than is the uracil-uracil dimer. 

In Figure 5, an analogous experiment was performed in which C'*-serine incorpo- 
ration was measured as a function of monochromatic UV light and compared with 
C'-leucine. The latter radioactive amino acid was chosen as a control in these 
incorporation studies, since it has been reported that the same statistical triplet 
of 2U, 1C is responsible for the coding of serine and leucine,’ *: ** although the ab- 
solute sequences for this requirement are not known and the degeneracy relation- 
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Fic. 5.—The effect of monochromatic UV 
light on poly U:serine and leucine incorpora- 
tion. The incubation conditions are identical 
to those described in Table 1 with the excep- 
tion that 1.5 we of C'-serine (147 pe/umole) 
and C"-leucine (140 yc/umole) were em- 
ployed in the reaction mixtures. The ir- 
radiation conditions were the same as those 
described in the legend for Fig. 2. 


Fic. 4.—The effect of monochromatic UV 
light on poly U:C"'*-phenylalanine _ in- 
corporation. The irradiation conditions 
were the same as those described in the 
legend for Fig. 2; the incubation and 
dehydration conditions are described in 
the legend for Table 1. 


ship, particularly for leucine, is evident from recent studies.** In this experiment, 
C'!4-serine incorporation does occur to a certain extent with unirradiated polyurid- 
ylic acid and is due in part to the ‘‘degenerate’’ incorporation directed by poly U 
which also varies from one preparation of S-30 fraction to another. 

The incorporation of C'*-serine gradually declines when the poly U is irradiated 
at 285 mu under conditions in which dimer formation is predominant. The in- 
corporation of this same amino acid, under conditions favoring hydrate formation, 
is significant and increases rapidly as a function of irradiation time. 

Reirradiation, at 245 mu, of poly U which had been previously irradiated at 285 
my and examined in the amino acid incorporating system, resulted in a significant 
increase in C'*-serine incorporation. It is also of interest that the initial rates of 
increase (versus U Vo45) of the rates of serine incorporation, whether the polymer was 
irradiated initially at 245 my or had been irradiated at this wavelength following ir- 
radiation at 285 muy, are similar. 

The formation of uracil hydrates in poly U does not influence the incorporation 
of C'*-leuecine, whereas the formation of uracil dimers depresses the level of C'*- 
leucine incorporation directed by unirradiated poly U. The results of the C'*- 
serine incorporation experiments are consistent with the initial incorporation ex- 
periments (Table 1) in which the poly U, irradiated with a sterilamp and dehydrated, 
failed to support C'*-serine incorporation. 

The loss of incorporation of C'*-phenylalanine, directed by irradiated poly U, was 
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only partially reversed by dehydration, and therefore both the hydrate and dimer 
contributed to the loss of incorporation. The apparent sensitivity of the poly U to 
hydrate formation is reflected by the loss of C'*-phenylalanine incorporation which 
is replaced by C'*-serine. Irradiation of the poly U under conditions in which 
dimer formation dominates results in loss of C'*-phenylalanine incorporation which 
is not replaceable by other amino acids. 

Summary.—Two uracil photoproducts are formed when poly U is irradiated with 
ultraviolet light. A molecule of water may add at the 4,-5 double bond of the uracil 
moieties as a result of irradiation which can be reconverted to uracil by base-cat- 
alyzed dehydration. The other photoproduct formed is a uracil-uracil dimer which 
reverts to uracil by reirradiation at lower wavelengths of ultraviolet light. 

The effects of irradiated poly U were studied in the amino acid incorporating 
system in which dehydration and photoreversal of the irradiated poly U separated 
some of the ultraviolet effects. It can be concluded that the water adduct is re- 
sponsible for the coding transition of C'*-phenylalanine to C'*-serine, and the for- 
mation of dimer results in the loss of the incorporation of C'*-phenylalanine which 


is not replaced by any other amino acid. 


The experiments which required the use of monochromatic UV light were performed at the 
Institute fiir Genetic der Universitat zu Koln, Germany. The author wishes to express his 
gratitude to Dr. Max Delbriick for providing the generous laboratory space and facilities nec- 
essary to carry out these experiments with the monochromator. In addition, the author wishes 
to acknowledge the stimulating discussions with Dr. Delbriick which helped to crystallize some 
of the ideas inherent in this work. 
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RESTRICTION OF IN VIVO GENETIC TRANSCRIPTION TO ONE OF 
THE COMPLEMENTARY STRANDS OF DNA* 


By M. Hayasut, M. N. HAyAsuHi, AND S. SPIEGELMAN 


DEPARTMENT OF MICROBIOLOGY, UNIVERSITY OF ILLINOIS, URBANA 


Communicated by H. E. Carter, July 1, 1963 


Several recent investigations'~* demonstrate that when double-stranded DNA is 
employed as a template in vitro, the DNA-dependent RNA polymerase mediates 
the synthesis of RNA copies complementary to each of the two strands. The pri- 
mary concern of the present paper is whether or not this situation obtains in the 


intact cell. 

Existent evidence suggests that in vivo transcription may not involve both 
strands. Thus, the base composition of unfractionated T2 complementary RNA* > 
and the material collected by hybridization to DNA on columns®:‘ all have shown a 
persistent and significant inequality of guanine to cytosine. This discrepancy 
would be explained if only one strand is transcribed and if it has a bias toward a low 
C:G ratio. Furthermore, it has been shown that sequences complementary to both 
ribosomal’ and soluble!!: !2 RNA exist in homologous DNA, implying that DNA 
generates these molecular species. Nevertheless, G does not equal C nor does A 
equal U in ribosomal RNA, suggesting’ that transcription in the corresponding re- 
gion of the genome does not involve both strands. A similar statement can be 
made for the sRNA cistrons. The ability of 5-fluorouracil to restore® certain 
mutants of bacteriophage T4 also leads to the conclusion that only one strand of the 
r II region yields RNA messages. 

None of these findings are decisive and they clearly do not define with certainty 
the mechanism which reads the entire genome. The following three possibilities 
can be entertained for genetic transcription: (1) all of both strands are transcribed 
into complementary RNA; (2) both strands are employed but never in the same 
regions; (3) only one of the two strands serves as a template for genetic messages. 
We are ignoring the possibility of regions which are not transcribed at all in either 





VoL. 50, 1963 BIOCHEMISTRY: HAYASHI ET AL. 665 


strand. This would introduce three more possibilities, but they are not directly 
relevant to the central issue here nor to the experiments to be deseribed. 

Examination of the possibilities mentioned suggests immediately that the hy- 
bridization test of Hall and Spiegelman'* can be employed to provide data useful 
for deciding which of the three mechanisms operates in the cell. A successful res- 
olution requires a source of radioactively labeled homologous complementary RNA 
and the availability of at least one of the two strands of the relevant DNA in pure 
form. 

To provide the experimental requisites, the authors turned to the DNA virus, 
¢X174, which has been shown by Sinsheimer' to contain only one of the two com- 
plementary strands. Nature has thus provided one of the necessary experimental 
components in an easily accessible form. However, this useful feature can be 
fruitfully exploited only if the complementary strand can also be obtained. It has 
been found" that immediately after infection the complement to the injected strand 
is synthesized, and a duplex results which has been called the “replicating form” 
(RF). Asa preliminary to the experiments to be described here, it was therefore 
necessary to devise a procedure for the isolation in pure state of the RF-DNA from 
the infected cells. This was accomplished* by repeated chromatography on col- 
umns of methylated albumin. 

The availability of both RF-DNA and the single strand from the mature virus 
particle made possible appropriate hybridizations with the RNA message fraction of 
@X174. The hybridization tests and the base composition of the RNA hybridized 
revealed the presence in infected cells of RNA complementary to only one of the two 
strands in the RF-DNA. The data are consistent with the conclusion that one of 
the two possible complements is either the principal or sole source of translatable 
genetic information. 

Materials and Methods.—Strains: The DNA virus ¢X174 and its host E. coli, strain C, were 
kindly provided by Dr. I. Tessman. 

Media and buffers: Modified Penassay medium (MPM) was used as described by Nomura 
et al. SCXD medium is composed of Tris-HCl buffer 0.05 M pH 7.3; 0.5°% glycerol; 107% M 
phosphate; 107° 17 MgsSO,; 0.5°7 casein hydrolysate and | ug/ml of FeCl;. Adsorption medium 
(AD) is Tris-HCl buffer 6.05 M pH 7.3; 10°-* M phosphate; 10-* M MgsSO,; 0.5°% casein hy- 
drolysate; 1 yg/ml of FeCl; 107% M CaChk; 10-2 M NaCl; 10-2 M KCl. 3D medium is 
that described by Fraser and Jerrel;'® SSC" is 0.15 M NaCl; 0.015 M Na citrate; TM is 3 X 
10-2 M Tris; 5 X 10-? M Mgt*; pH 7.4; TMSis3 X 10-2? M Tris; 5 X 10-3 M Mg*t; 0.01 
M NaCl; HMP is 0.01 M PO,; pH 7.0. 

Radioactive labeling: Pulse and uniform labeling carried out as described previously.% 
from the Oak Ridge National Laboratory was hydrolyzed to remove inorganic pyrophosphate 
prior to use. H*-uridine (500 ye/112 yg), H*-thymidine (2 we/yg), and C'-uridine (5.7 we/mg) 
were obtained from New England Nuclear Corp. 

RNA and DNA purification: RNA was purified by the procedure of Hayashi and Spiegelman. 
Bacterial DNA was prepared by Marmur’s” method with the modification that, subsequent to 
treatment with RNAase, aqueous phenol was used to remove protein. DNA from virus particles 
was isolated according to Grossman et al.!° The purification of ¢X174 replicating-form DNA 
was carried out as detailed by Hayashi, Hayashi, ard Spiegelman.* 

Preparation of methylated-albumin-Kieselguhr (MAK) columns: The protocol of Mandell and 
Hershey” was followed with one modification in the preparation of the methylated albumin. 
The mixture of albumin, methanol, and HCl was incubated at 37°C for 5 days. In our hands this 
resulted in preparations which yielded consistently superior separation of the DNA factors. 

Conditions of infection: Log phase cells E. coli (strain C) were harvested at a density of 8-10 X 
108/ml, washed with adsorption medium (AD) and resuspended in the same medium at 8-9 X 


Pp? 
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10°/ml. Virus was added at a multiplicity of infection (m.o.i.) of about 20. The mixture was 
kept at 20°C for 30 min and then diluted 10 times with prewarmed SCXD medium. This is 
designated as O-time of infection. Under these conditions, uninfected cells amounted to less 
than 0.5%. All experiments were carried out at 30°C, 

Unlabeled and labeled virus: In general, the method of Hall et al.*! was followed. On comple- 
tion of the lytic eycle, DNAase (5 ug/ml) was added and allowed to incubate. Following this, 
CHCl, was added and cell debris centrifuged off. The supernatant was made 2.5 M with re- 
spect to (NH,)2 SOy, the precipitate collected, resuspended, and dialyzed against 0.01 7 NH,CI. 
It was then loaded on a DEAE column which was washed with 0.01 M ammonium acetate, and 
the virus was then eluted with 0.1 17 ammonium acetate. Virus labeled with P** was purified in 
the same way. Growth and infection were carried out in SCXD medium to which 10 ye/ml of P* 
was added per ml one generation prior to introduction of virus at an m.o.i. of 0.1. Incubation 
was continued to lysis. Labeling of viral DNA with H® was effected similarly with H*-thymidine 
at 5 we/ml. 

Infectious DNA: Infectivity of DNA was measured in protoplasts of FE. coli C by the pro- 
cedure of Guthrie and Sinsheimer.** 

Assay of radioactivity: Preparations of samples on millipore membranes and double channel 
counting in a Packard scintillation spectrometer was carried out as described previously.'* 

RNA base composition analysis: Bulk E. coli RNA was added as carrier to the P*?-labeled 
RNA being analyzed, and the mixture hydrolyzed with alkali (0.38 4 NaOH) at 37°C for 15 hr. 
Chromatographic analysis of the resulting 2’-3’ nucleotides was performed using a Dowex-1- 


formate column.* 

Results.—-@X 174 message production in the infected complex: Investigation?* of 
the ¢X174 L. coli C complex quickly revealed that the ¢X 174 was incapable of shut- 
ting off macromolecular synthesis specific to the host cell. Thus, it was found that 
the RNA synthesized after infection was indistinguishable in over-all base composi- 


tion from that observed in uninfected cells. Further, induced enzyme formation 
could be instituted for considerable periods subsequent to infection. We were faced 
therefore with the problem of detecting message production from ¢X174 in the 
midst of the genetic messages generated by the host genome. This is, however, 
readily achieved by use of the two label and co-chromatographice procedure intro- 
duced and developed by Kano-Sueoka and Spiegelman.*4 The principle underlying 
the device can be simply stated. Consider two labeled RNA preparations, one 
identified by H* and the other by C.'* If a mixture is loaded on a column, the 
elution profiles of the H* and C'4 label should be identical if the two preparations 
are the same, and should differ if one contains some component absent from the 
other. 

To detect message specific to the genome of ¢X174, pairs of infected and non- 
infected cultures were pulse-labeled with H*-uridine in one case and C'4-uridine in 
the other. The RNA was purified from each, and a mixture loaded on an MAK 
column. Figure 1 shows a series of the profiles obtained when such comparisons 
were carried out during different periods of the infection. There is virtually no 
discrepancy between the profiles of H* and C'4 in Figure 1A suggesting that within 
6.5 min little or no ¢X174 specific message has been produced in the infected cells. 
However, examination of the profiles obtained for the 35-36.5 min interval (Fig. 
1B) reveals discordancies unique to the infected complex. Finally (Fig. 1C), the 
discrepancies between the H* and C'* become even more pronounced when the 
examination is extended to a 50-51.5 period. The greatest discordancies occur in 
the region to the right of the optical density peak corresponding to the 23S ribosomal 
RNA. That these discrepancies are indeed referable to ¢X174 specific messages 
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was tested by hybridizations along 
the column using RF-DNA. A 
pulse similar to that carried out in 
Figure 1C and the pooled material 
of the regions indicated in Figure 2 
were hybridized to RF-DNA. The 
complexed RNA is indicated by the 
bar histogram. It is clear that 
there is a peak of RNA hybridizable 
to RF-DNA in the region corre- 
sponding to 4. 
From these and similar experi- 
ments, one is led to conclude that 
prior to five min virtually all of the 
RNA messages found in the infected | 
complex originate from the host j= 
genome. Viral specific messages \ 
accumulate later in the infection. 
Hybridization with RF-DNA and 
with single-stranded mature DNA: 
Because of the small size of oX- 
DNA, some of the procedures which 
have been useful in the past for de- 
tecting and accumulating RNA- 
DNA hybrids proved inconvenient. 
Cesium chloride density centrifuga- 
tions in swinging bucket rotors!® 
yielded rather broad bands, partic- 
ularly with heat-denatured mate- 
rial. Further, neither the DNA- 
agar columns of Bolton and Me- 
Carthy’ nor the millipore filter tech- 
nique of Nygaard and Hall® were 
found to be adequate for trapping Fic. 1.—Detection of ¢X174 specific RNA 
. site ela i by two-label co-chromatography on MAK 
DNA of this size. Consequently, a column. The protocol and timing of each 
new procedure was devised” which experiment is diagrammed. Time is meas- 
eee, sear ured from 0 min (see test). A noninfected 
stemmed from the observation culture of E. coli was pulse-labeled with 
that single-stranded DNA of ¢X174 C'*-uridine for 90 sec. Infected cells were 
at Wee ee ; ; ; " : labeled with H*-uridine at the same time and 
is very well separated from its for the same period. On termination of in- 
double-stranded counterpart on corporation, total RNA from each culture 
MAK ; RN uae was isolated and purified separately. A 
MAK columns. RNA hybridized to mixture of the two samples was chromato- 
DNA chromatograms in about the graphed. The O.D. profile identifies pre- 
3 e existent cellular stable components (16S and 
same position as the denatured DNA 23S indicated by arrows). 
to which it is complexed. 
The outcome of chromatographic examinations of three different hybridizing ex- 
periments are shown in Figure 3. To identify the hybrid with certainty the DNA 
was labeled with P*? and the RNA with H*. In all cases the H*-RNA employed 


TUBE NUMBER 





668 BIOCHEMISTRY: HAYASHI ET AL. Proc. N. A. 8. 


Fig. 2.—Column identification of 
@X174 specific RNA. $X174 in- 
fected FE. coli culture was pulse- 
labeled with H®-uridine for 90 sec, 
50 min after infection. The total 
filb2Wstatiss | RNA was isolated and chromato- 
: graphed. O.D. profile identifies 
pre-existing RNA. The _ pooled 
samples in the regions indicated in 
2.0 +100,000 Mybridizable the figure were concentrated. The 
F com same number of count from each 
sample was hybridized with 207 of 
RF-DNA_ which had been heat- 
denatured in 1/10 SSC at 97-98°C 
for 15 min. Hybridization was 
carried out in 2 & SSC at 42.5°C for 
18 hr. The reaction mixture was 
chilled, and 30y/ml of pancreatic 
RNAase, free of contaminating 
DNAase, was added. RNAase 
treatment was performed at 26°C 
for 30 min. The reaction mixture 
was then loaded on an MAK column 
as described previously. Counts in 
TUBE “SRMBER the hybrid region were summed up 
and are shown in the bar histo- 

grams. 


r 150,000 —— 


COUNTS /6 MIN/O2 mi 


, 








ONA RNA 
_ Meat denatured =, inf, Bulk (H3) 
a a ee | AF (P32) i 50-515 min 


| DNA RNA Lisoo 
| Singie (P32) x inf Bulk (H3) $O-515 min | Nec! 


| ‘ ©) 
a3 CPM 


1000 ® 
A NaCl 
Cone (M) 


rio 


0 20 30 40 60 
TUBE NUMBER 





ome a Fic. 3.—Hybrid separation by MAK 
Heot denotured x int But (3) column. 207 of RF or ¢X single DNA, 

Single (P52) 50-S1.Smin both labeled with P*, was hybridized with 
bulk RNA derived by introducing H*- 
Nec! uridine 50-51.5 min after infection. 
Hybridization, prior RNAase treatment, 
and column procedure are as detailed in 
Fig. 2. Note that the RNAase-resistant 
core elutes earlier than the single-stranded 
DNA and accompanying hybrid. By 
washing with NaCl of suitable concentra- 
tion, the core can be removed completely 
from the column prior to the chromato- 
graphic separation of the hybrid structure. 











was bulk RNA obtained by introducing H*-uridine 50-51.5 min after infection. 
It is clear from Figures 3A and 3B that vegetative single-stranded DNA, whether 
heated or not, cannot hybridize significantly to any of the H*-RNA included in 
the reaction mixture. However, when heat-denatured RF-DNA is employed, 
one observes an RN<Aase-resistant H*-component in the region of the single- 
stranded DNA and containing P**. The fact that the radioactivity is alkali labile 
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and yields the expected 2’—3’, ribotides proves that it is RNA. These results sug- 
gest that ¢X174-RNA message is incapable of complexing with the single-stranded 
DNA but can hybridize with the RF-DNA. 

Table 1 summarizes a series of hybridization experiments carried out with labeled 
RNA derived from different periods of the infection. Comparatively little hybridi- 


TABLE 1 
HYBRIDIZATIONS OF RNA with RF ANb SINGLE-STRANDED DNA 
RNA/DNA pulse-labeled between (min) RF Single-strand 

5- 6.5 253 <60* 

35-36.5 3,261 <160* 

50-51 .5 3,473 <160* 
* These represent upper limits estimated from summation over all tubes in the hybrid regions of the 

MAK column (ef. Fig. 3). The actual number is undoubtedly much lower. 

207 of heat-denatured RF and 207 of single-stranded DNA were hybridized with bulk RNA pulse- 


labeled with H*-uridine in the intervals indicated in the first column. The conditions of hybridiza- 
tion, RNAase treatment, and subsequent isolation on an MAK column are as detailed in Fig. 2. 


zation is-observed between RF-DNA and RNA labeled between 5 and 6.5 min. 
However, at later periods of infection the amount of hybridization observed with the 
RF-DNA increases strikingly. In contrast, the single strand from the mature virus 
exhibits virtually no capacity to hybridize with RNA from any interval. The 
results in Table 1 agree with the profiles observed in Figure 1. Both indicate that 
#X174 message is to be found in considerable amounts only late in the infectious 
cycle. 

Base composition of RNA hybridizable to RF-DNA: ‘The results described indi- 
cate that RNA messages produced in the F. coli-¢X174 complex hybridize ef- 
fectively only with RF-DNA and not with single-stranded mature DNA of ¢X174. 
This outcome offers strong support for the assertion that the component of the 
RF-DNA which serves as a template for message production corresponds to the 
complement of the DNA strand found in the vegetative particle. To complete the 
proof it is necessary to demonstrate that the base composition of the RNA hy- 
bridized to RF-DNA corresponds to that which this assertion predicts; the com- 
plexed RNA should be complementary to the complement of the mature vegetative 
strand. Asa consequence, it should possess a base composition which mimics that 
of the vegetative DNA. The numerical situation is such as to make an experi- 
mental test of this prediction easily attainable. 

The necessary P*?-labeled RNA was prepared by 3-min labeling of the injected 
complex at various times. As an added precaution a simple device, detailed in 
Table 2, was used to make a preparation which would provide an adequate sample 
of all ¢X174 messages. The labeled RNA thus obtained was hybridized to RF- 
DNA and the hybrid mixture subjected to RNAase. The product was then chro- 
matographed on MAK columns as in Figure 3. The hybrid region was collected, 
hydrolyzed with alkali, and the base composition of the labeled nucleotides deter- 
mined. The results are summarized in Table 2. The base composition of the RNA 
hybridized coming from the 50-51.5 min period is in good agreement with that ob- 
tained from the preparation expected to contain equivalent amounts of all messages 
synthesized during the infection. Comparison of the three DNA base compositions 
listed reveals that the hybridized RNA is similar to the vegetative single strand and 
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TABLE 2 
Base Ratio or HyBripizABLE RNA 
A 


RNA 
all stage-pulsed 5 23.8 
(0-54 min) 
short pulse 4 25.5 
(50-53 min) 
DNA 
$X174 single* 
@X174 complementary fT 
$X174 RFt 


* Taken from Sinsheimer.'* 

t Assumed complementary to the original strand. 

b4 ee od double-stranded with single and complementary strands. 

E. coli C in log phase was concentrated to 10'°/ml in AD. @X174 was added at m.o.i. ~ 20. For the 
complete message sample, adsorption of the phage was performed at 20°C for 30 min; 1 ml of this complex 
was added every 3 min into prewarmed SCXD (150 ml) at 30°C under aeration. When the 18th complex 

was added (51 min after 0 time), 20 me of P®? was pulsed for 5 min. The RNA was then isolated, purified, 
and designated as ‘‘all stage-pulsed’’ RNA. A short P®? pulse 50-53 min after infection was also performed 
and RNA was isolated and purified. 

6 mg of each bulk RNA was hybridized with 707 of heat-denatured RF; hybridization and RNAase 
treatment are as detailed in Fig. 2. The hybrid was isolated on a MAK column and the base composition 
determined as described in Methods. 


is complementary to its complement. The prediction that the complement to the 
mature strand generates genetic message would appear to be confirmed. 

Discussion.—It will be recalled that analysis in cesium chloride gradients and 
on MAK® columns have shown that the injected strand of ¢X174 is incorporated 
into the RF duplex structure. The buoyant density and melting temperature® 
of RF-DNA both agree that it is a double-stranded molecule containing mature 
viral DNA as one component and its complement as the other. The fact that 
¢X174 message hybridizes to the RF-DNA and not to the mature single-stranded 
DNA means that it is the complementary component of the RF-DNA which is in- 
volved in the hybrid complex. The base composition of the hybridized RNA adds 
further strong support to the validity of this conclusion. We obviously cannot 
categorically state that the other strand does not produce any messages. However, 
if it does, they represent less than 5 per cent of the population. There is also the 
unlikely possibility that both are transcribed and that one of the transcriptions is 
preferentially destroyed. 

All of the results reported are consistent with the inference that one of the two 
strands of the DNA duplex is predominantly, or solely, used to generate genetic mes- 
sages. This conclusion does not deny the possibility” that effective transcription 
of only one of the strands requires the presence of both strands. 

It may perhaps be proposed that deductions derivable from the study of a single- 
stranded DNA virus may not be generally applicable to organisms which normally 
possess both complementary strands. However, it must be noted that message 
production does not begin in this system until the double-stranded structure is con- 
stituted. One is inclined therefore to believe that the situation being examined is 
not so abnormal as to be completely unique. Nevertheless, general acceptance ob- 
viously requires confirmation with other DNA systems. 

The fact that only one strand is used possesses an interesting implication for the 
problem of genetic inversions. Sequence inversion in a DNA molecule requires in 
addition a 180° rotation of the inverted stretch in order to reconstitute the anti- 
parallel 5’—3’-internucleotide linkage. This exchanges sequences between the 
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strands. Thus, inverted sequences will be lost to the transcription mechanism, so 
that inversion necessarily results in a deletion. We predict therefore that tran- 
scribable inversions resulting in nondeletion phenotypes will not be observed in 
organisms which contain a continuous DNA duplex structure as the sole component 
of their chromosomal apparatus. ‘The corollary to this, for organisms which do 
exhibit nondeletion inversions, is obvious. 

We should like to conclude by noting briefly the discovery in uninfected host cells 
of a strange genetic message of peculiar base composition, and complementary to a 
restricted section of ¢X174 DNA. This RNA disappeared within 5 min after in- 
fection of the host cell and thus did not complicate the experiments described here. 
The significance of this unusual finding is at present under investigation. 

Summary.— The experiments described were designed to determine whether in 
vivo transcription of genetic information involves only one or both strands of the 
DN A-duplex. 

The experiments used DNA from the single-stranded virus ¢X174 and its purified 
replicating form which contains the original strand and its complement. Ap- 
propriate hybridization tests with these two DNA preparations and the RNA mes- 
sage fraction were carried out. The results of the hybridization tests and of the base 
composition of the RNA complex revealed the presence of RNA complementary to 
only one of the two strands of the RF-duplex. The data are consistent with the con- 
clusion that only one of the two complements in a DNA duplex is either the prin- 
cipal or sole source of translatable genetic information. Among other conclusions, 
these results imply that transcribable genetic inversions resulting in nondeletion 


phenotypes are not to be expected within a continuous DNA duplex structure. 


Note added in proof: The desirability of extending the conclusions reported here to DNA 
which is normally double-stranded in the vegetative state has been met rather rapidly. C. 
Greenspan and J. Marmur (personal communication) have separated the two strands of the SP-8 
virus of B. megaterium and have shown that only one of them hybridized extensively with homolo- 
gous message. G. P. Tocchini-Valentini, M. Stodolsky, A. Aurisicchio, F. Graziosi, M. Sarnat, 
and E. P. Geiduschek (personal communication) have accomplished the same result with phage 
alpha of B. subtilis and have obtained similar results. 


* This investigation was aided by grants-in-aid from the U.S. Public Health Service and Nationa 
Science Foundation. 
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PRIMARY STRUCTURE AND EVOLUTION OF CYTOCHROME C 
By E. MARGOLIASH 
BIOCHEMICAL RESEARCH DEPARTMENT, ABBOTT LABORATORIES, NORTH CHICAGO 
Communicated by C. B. Anfinsen, August 29, 1963 


Following the determination of the amino acid sequence of horse heart cyto- 
chrome c,!~? the primary structures of six other cytochromes c have been reported, 
namely, those of man,’ pig,’ rabbit,’ chicken, tuna,’ and baker’s yeast.'! This 
work provides the most extensive series of complete amino acid sequences so far 
available for a set of homologous proteins from different species. The present 
paper considers the information yielded by a comparison of these structures, with 
regard to the evolution of cytochrome c. Some of the features of this protein from 
horse, man, pig, and chicken have recently been discussed,” particularly in relation 
to structural aspects of cytochrome c function. 

Similarities.—The outstanding feature of the amino acid sequences of the eyto- 
chromes c considered here is the extensive degree of similarity among them. As 
shown in Figure 1, as much as 53% of all residues are identical in all seven proteins. 
When yeast cytochrome c is excluded from the comparison, this value increases to 
73%. Thesix vertebrate proteins consist of a single peptide chain 104 residues long, 
having an acetylated amino-terminal glycyl residue and the heme attached by 
thioether bonds to cysteines in positions 14 and 17. Only the yeast protein has a 
nonacylated amino-terminal residue, carrying in place of the acetyl group a sequence 
of five amino acids preceding the amino-terminal glycyl residue of the vertebrate 
cytochromes c.'! Yeast cytochrome c¢ also lacks an amino acid corresponding to 
position 102 or 103 and thus has an over-all chain length of 108 residues." Pre- 
liminary evidence indicates that the cytochrome c from an invertebrate, that of the 
moth Samia cynthia, also falls within the same set of homologous proteins. Like 
the yeast protein it lacks an acetyl group at the amino-terminal residue, bearing 
instead several amino acids, and has a peptide chain longer than 104 residues." 

The similarities of sequence in the vicinity of the heme attachments, originally 
noted by Tuppy and collaborators (see Paléus and Tuppy"), are present in all 
these cytochromes c. They consist of a pair of cysteines (nos. 14 and 17) spaced by 
two residues, with a basic amino acid, either lysine, as in most cases, or arginine, as 
in the yeast,'* silkworm,'‘ and moth ' proteins, preceding the first cysteine, and a 
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Acetyl.Gly. Asp. Val.Glu.Lys.Gly.Lys.Lys.Ieu.Phe.Val.GluN He. Lys.CyS.Ala.GluN H2.CyS.His.Thr. 
10 -_—HEME-——— 


Val.Glu. Lys.Gly.Gly.ys.His.Lys. Thr.Gly.Pro.AspN H:.Leu. His.Gly.Leu.Phe.Gly.Arg.Lys.Thr. 
20 30 40 


- 


Gly.GluNH:.Ala.Pro.Gly.Phe.Thr.Tyr.Thr. Asp.Ala.AspN H». Lys.AspN H:.Lys.Gly.[leu.Thr.Try.Lys. 
50 60 
Glu.Glu. Thr. Leu.Met.Glu.Tyr.Leu.Glu.AspNH:.Pro.Lys.Lys.Tyr.lleu.Pro.Gly.Thr.Lys.Met.Ileu. 
70 80 


i adateica enti hana aan” ian deaaiamineia neni ames Tmninl 
AspN Ho.GluCOOH 
104 

Fic. 1.—Amino acid sequence of horse heart cytochrome c. The residues in bold-face type are 
those that are identical in the cytochromes c from horse, man, pig, rabbit, chicken, tuna, and 
baker’s yeast. The residues in italics are those that are identical in the vertebrate proteins only. 
His. Thr sequence following the second cysteine. Identical sequences are, however, 
found in similar situations in proteins as different from the ‘‘“mammalian type” of 
cytochrome c as cytochrome ¢; from Rhodospirillum rubrum" and the cytochromoid 
of Chromatium.'® These regularities near the site of heme binding must therefore 
represent structural requirements for the attachment of the prosthetic group and 
the provision of at least part of its immediate environment, regardless of the 
functional activities of the protein. 

Two areas of the amino acid sequence remain invariant. The first, extending 
from residues 17 to 21, immediately follows the heme attachment; it contains one 
of the histidines most probably involved in hemochrome formation and may well be 
part of the “crevice’’” structure which enfolds the prosthetic group. No function 
can as yet be ascribed to the other invariant area found between residues 70 and 80. 
Numerous other residues and shorter sequences remain identical throughout (see 
Fig. 1). 

The most plausible interpretation of the abundant structural similarities is that 
all these proteins derive phylogenetically from a common primordial cytochrome c, 
even though the species examined are as divergent as yeast and the higher mammals. 
Alternatively, one might consider that the observed identities result from a process 
of convergent evolution directed by selective pressures for structural features 
necessary for cytochrome c function. However, such an explanation is improbable. 
Indeed, active sites of proteins comprise only a few residues. The remainder of the 
peptide chain is necessary to form a particular spatial structure, a requirement 
known to be compatible with a variety of amino acid sequences, as must be the case, 
for example, with the seal'® and sperm whale!® myoglobins. There is thus little 
doubt that the seven cytochromes c under discussion are truly homologous structures 
in the evolutionary sense. 

If, as seems likely, this conclusion can be extended to a large variety of vertebrate 
and invertebrate species, as well as to the plant kingdom, strong support would be 
obtained for the speculation” that living matter was effectively formed only once, 
within the confines of our planet, all living forms deriving from a common precursor. 

In addition to maintaining the general similarities of structure, evolution appears 
to have exerted a very considerable, if not absolute, degree of conservatism with 
respect to basic and hydrophobic residues. As originally noted in the amino acid 
sequence of horse heart cytochrome c, the basic residues, lysine, arginine, and 
histidine on the one hand, and the hydrophobic residues, tyrosine, phenylalanine, 
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tryptophan, leucine, isoleucine, valine, and methionine on the other, tend to form 
clusters along the peptide chain.® Figure 2 presents the composite distribution of 
both these types of residues in the seven cytochromes ¢ and demonstrates that these 
groupings have to a large extent been maintained. There are seven basic and eight 
hydrophobic clusters, which among the vertebrate proteins comprise all except 3-5 
basic and 2 hydrophobic residues, out of totals of 22-24 and 26-29 such amino acids, 
respectively. Although the yeast protein differs considerably from the vertebrate 
cytochromes ¢, similar groupings at about the same positions along the peptide chain 
also occur in it. In most of the relatively few cases in which hydrophobic have re- 
placed nonhydrophobie residues, the exchanges merely serve to complete or extend 
the hydrophobic groupings (see lig. 2). It is at present impossible to decide 


Ileu Ileu 
Vertebrate Val Lys —— Lys.Lys. Ileu®.Phe.Val. Met.! 
Yeast - Phe. Lys - Lys. Lys — Leu. Phe.Lys — 
10 
His Val —— Lys® Lys.His.Lys. Val! 


Vertebrate Lys 
- His. Lys. Val 


Yeast Arg ~ Leu His Val — Lys 
20 
Try! Tyr 
Vertebrate — Leu. His® Leu.Phe Arg.Lys —— Val! Phe 
Yeast — Leu.His — Tleu.Phe Arg.His —- ——- — - - Tyr 
40 
Val! 
Vertebrate Tyr - Lys Lys —— Ileu.Ileu' Try.Lys'! - —— Leu.Met 
Yeast Tyr — — - Tleu.Lys.Lys Val. Leu Try — -—— Met — 
50 60 


Vertebrate —— Tyr.2Leu — — Lys.Lys.Tyr.Ileu ~ Lys.Met.Ileu.Phe. Val! 
Yeast — Tyr.Leu Lys.Lys.Tyr.[eu —— — Lys.Met —— Phe —— 
70 Val 80 
Vertebrate ~ Ileu.Lys.Lys.Lys Arg.Val! —— Leu.Ileu Tyr.Leu.Lys.Lys 
Yeast — Leu.Lys.Lys Lys —— Arg - Leu.Tleu —— Tyr.Leu.Lys.Lys 
90 100 


Vertebrate ai sires 
Yeast, a eee 


Fic. 2.—Composite distribution of basic and hydrophobic residues in the cytochromes ¢ from 
horse, man, pig, rabbit, chicken, tuna, and baker’s yeast. In positions in which only basic or only 
hydrophobic amino acids occur, all residues are in bold-face type. In other cases, the super- 
scripts indicate the number of proteins in which the particular residues are present. 


whether this conservatism is based solely on evolutionary selection for structural 
features of functional importance, or whether conservatism is built into the mecha- 
nism of genetic variability, mutations involving basic or hydrophobic residues tend- 
ing to yield the same types of amino acids far more often than not. However, 
without exception, all the ribonucleic acid nucleotide triplets so far observed which 
ean ‘“‘code” for hydrophobic amino acids contain uridylic acid, while at least one of 
the triplet “codes’’ for each of the other residues does not involve this nucleotide.*! 
If this finding is confirmed, it would tend to suggest that some types of evolutionary 
conservatism may indeed be based on the mechanism of mutation, rather than on 
evolutionary selection. 

Similar considerations must be taken into account in attempts to ascribe func- 
tional importance to certain areas of the primary structure of a set of homologous 
proteins solely on the basis of their invariance over a large range of the evolutionary 
scale. Thus, for example, the available information does not make it possible to 
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decide whether a section, such as that extending from residue 70 to residue 80, has 
remained invariant as a result of strict functional requirements or whether such 
constancy merely reflects a particular stability of the genetic material corresponding 
to this sequence. Indeed, the presence of apparent genetic “hot spots’”’ (see below) 
implies genetic ‘‘cold spots.” Invariant residues and sequences could be an ex- 
pression of properties of the corresponding deoxyribonucleic acid nucleotide 
sequences which make them impervious to mutagenic influences, just as well as of 
selection for functionally necessary structures. The opposite situation in which a 
variety of amino acid sequences are found to occupy the same area in a set of 
homologous proteins, as, for example, the carboxy-terminal tetrapeptide of cyto- 
chrome c,'~'* clearly permits the conclusion that the function of such an area, if any, 
is compatible with a variety of primary structures. 

Differences.—The extent of variation among cytochromes ¢ is compatible with the 
known phylogenetic relations of species (see Table 1). Relatively closely related 
species show few differences: there are only three variant residues between the 
horse and pig proteins. Phylogenetically distant species exhibit wider dissimilari- 
ties. The largest differences are observed between the vertebrate and yeast cyto- 
chromes ec. 

TABLE 1 
EvoLutTion OF CyTOCHROME ¢ 


Number of Divergence of lines 
Species comparison variant residues in millions of years 


Horse — Man 12 130 
Horse - Pig 3 33 
Horse - Chicken 12 

Pig Chicken 10 108-150 
Rabbit — Chicken 11 

Man — Chicken 14 

Horse — Tuna 19 

Pig — Tuna 17 

Rabbit Tuna 19 184-228 
Man — Tuna 21 

Chicken — Tuna 18 

Horse — Yeast 14 

Pig — Yeast 43 

Rabbit — Yeast 45 465-520 
Man — Yeast 43 

Chicken — Yeast 43 

Tuna — Yeast 48 


Specific residues in certain positions appear to be characteristic of particular 
species or groups of closely related species. Thus, for example, a lysine in position 
60, an isoleucine in position 3, a tryptophan in position 33, and an Leu. Met sequence 
in positions 11 and 12, have so far been observed only in the horse, chicken, tuna, 
and human proteins, respectively. 

Some nucleotide sequences in the deoxyribonucleic acid segment corresponding 
to the peptide chain of cytochrome c appear to be especially prone to mutation. 
Among the seven proteins, six residues (threonine, glycine, aspartic acid, glutamic 
acid, serine, and lysine) occur in position 89, five amino acids (glutamic acid, alanine, 
valine, glutamine, and asparagine) are found in position 92, while four different 
residues occupy each of positions 44, 58, and 60. This phenomenon might be 
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associated with structural or functional peculiarities of the corresponding areas in 
deoxyribonucleic acid. Alternatively, even with similar mutation rates for all 
positions, most mutations leading to changes in other locations along the peptide 
chain could be lethal and thus unobservable. In any case this situation is reminis- 
cent of the genetic “hot spots’ observed by Benzer®? in bacteriophage. Clearly, 
the determination of the amino acid sequences of many more cytochromes c will be 
required to test the validity of the above generalizations as to invariant residues 
and areas, species characteristics, and highly changeable positions. 

Evolution of Cytochrome c.—The qualitative aspects of the evolution of cytochrome 
c as it relates to the phylogeny of species have been discussed above. Attempts to 
utilize knowledge of the amino acid sequences of a set of homologous proteins in 
quantitative interpretations of evolution are predicated on estimates of the number 
of mutational events that have occurred in these proteins along two lines of evolution 
from the time of their divergence to date. The accuracy of such estimates is im- 
paired by a variety of factors, among which may be cited selective evolutionary 
pressure, back mutation, and the lack of a necessary relation between an observed 
amino acid substitution and the number of steps from which it resulted. 

No functional protein can possibly be a completely indifferent recorder of all 
chance mutational events, since some changes will lead to functionless or inefficient 
proteins, sooner or later to be eliminated. Nevertheless, as pointed out above, the 
structural requirements of a large proportion of the peptide chain of cytochrome c 
are undoubtedly compatible with a variety of sequences. Only to the extent to 
which this is correct will the protein act as a faithful recorder of the unit events of 
evolution. Moreover, the cytochromes c considered are functionally strictly 
homologous, and it is probable that selective pressure and back mutations will have 
effects of a similar magnitude for all of them, thus not invalidating a comparison 
between them. 

Notwithstanding the ‘‘degeneracy’’** of the ribonucleic acid “codes” for amino 
acids, an estimate of the minimal number of mutational steps that can lead from one 
residue to another may be possible when the nucleotide base sequences of all such 
“codes” will have been determined. At present one can only tentatively utilize the 
incomplete and possibly incorrect** series of base triplet sequences proposed, such as 
those listed by Smith, Jukes,?® or Eck.” Among the results which can be ex- 
pected to accrue from the confrontation of a completely determined ribonucleic 
acid “‘code’’ with a large enough set of homologous proteins are an estimate of the 
amino acid sequence of the primitive protein from which other forms have developed 
along a particular line of evolution, and the prediction that specific residues must be 
present in certain positions in the proteins of extant or extinct species. Such 
arguments can only have a statistical validity. Thus, for example, at position 62 
yeast cytochrome c carries an asparaginyl residue, the human, rabbit, chicken, and 
tuna proteins have an aspartyl residue, while the pig and horse cytochromes c bear a 
glutamyl residue. Considering it unlikely that species as divergent as tuna, 
chicken, rabbit, and man would all have independently changed in the identical way 
in the same position, it would follow that at position 62 an aspartyl residue is prob- 
ably a remnant of the more primitive type of vertebrate cytochrome c, while the 
pig and the horse have mutated away from this form. Moreover, assuming for the 
sake of argument that the triplet “‘code” no. 1 proposed by Smith” is complete and 
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correct, and that only single base changes occur at each mutational step, glycine, 
coded by a nucleotide base sequence of UGG, is an intermediate between aspartic 
and glutamic acids, coded by UGA and UAG, respectively.“ Hence, some species 
may carry or may have carried a glycine at this location. Within the same limita- 
tions very tentative deductions of the same general nature can be obtained for 
numerous positions along the peptide chain. Such deductions will become more or 
less probable as the correct nucleotide base sequences of amino acid ‘“‘codes” are 
established, and the amino acid sequences of cytochromes c from other species are 
determined. 

Using merely the number of variant residues to compare the seven cytochromes 
c, it is noted that the differences between them fall into groups (Table 1). Such 
comparisons disregard the relation of amino acid substitutions observed to the 
actual number of effective mutational events which occurred. Nevertheless, it 
appears that the number of residue differences between the cytochromes c of any 
two species is mostly conditioned by the time elapsed since the lines of evolution 
leading to these two species originally diverged. If this is correct, the cytochromes 
c of all mammals should be roughly equally different from the cytochromes c of all 
birds. Since fish diverged from the main stem of vertebrate evolution earlier than 
either birds or mammals, the cytochromes c of both mammals and birds should be 
equally different from the cytochromes c of fish. Similarly, all vertebrate cyto- 
chromes c should be equally different from the yeast protein. This is borne out by 
the comparison in Table 1. Clearly, the determination of the amino acid sequences 
of many more homologous cytochromes c from suitably chosen species will be re- 
quired to establish the statistical validity of such a relation. It should be noted 
that the present results are compatible only with the commonly accepted scheme of 
evolution represented by series of branching lines, and are not consistent with a 
simultaneous formation of all species, which then proceed to accumulate mutations 
independently. In the latter case all the cytochromes c should be equally different 
from all others. 

If elapsed time is the main variable determining the number of accumulated sub- 
stitutions, it should be possible to estimate roughly the period at which two lines 
of evolution leading to any two species diverged. Such computations have been 
reported by Zuckerkangll and Pauling*® for the various chains of human and horse 
hemoglobins. Using as a standard the time of separation of the lines of evolution 
that have led to man and horse—roughly 130 million years ago, from paleontological 
evidence**—a value of 11 million years is obtained for every residue difference along 
two divergent lines. Applying this value to the cytochromes c of other species gives 
the results presented in Table 1. Such times can only be expected to approximate 
orders of magnitude rather than exact values. An internal standard is necessary 
for similar estimates with every set of homologous proteins, since different genetic 
loci may have different rates of mutation, just as residues in different positions in a 
single peptide chain appear to be more or less prone to variation. In this respect 
cytochrome c as a whole would appear to be a protein which has accumulated muta- 
tions at a relatively slow rate and is therefore suitable only for the study of the 
evolutionary history of rather large groups of organisms. Nevertheless, the com- 
plex mutational relationships at the few highly variable locations may serve to draw 
distinctions between more closely related species. 
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The assumptions underlying such calculations are that the rate of accumulation 
of mutations has varied randomly® during evolutionary history and has not been 
different for homologous genetic loci in different species, even though these species 
exhibit a wide range of generation times. A useful test of the importance of time as 
the main factor in the collection of variations in cytochrome c would be the com- 
parison of the amino acid sequences of the homologous proteins from species known 
not to have evolved morphologically for long periods with those from species which 
have changed rapidly, along the same general lines of evolution. Further similar 
tests may be possible when a valid approximation of the amino acid sequence of the 
primitive form of cytochrome c is obtained for one or more evolutionary groups of 
species. ; 

Summary.—The amino acid sequences of the cytochromes c from horse, man, pig, 
rabbit, chicken, tuna, and baker’s yeast show extensive identities. It is concluded 
that these proteins are all homologous structures in the evolutionary sense. Some 
residues and sequences in the peptide chains are invariant, while others are highly 
variable. Evolution exhibits a considerable degree of conservatism with regard to 
the remarkable clusters of basic and of hydrophobic residues in these proteins. 

The cytochromes c from relatively closely related species show few differences, 
while those from phylogenetically distant species are more widely dissimilar. 
Particular residues in certain positions appear to be characteristic of certain species 
or groups of closely related species. Considering only the number of variant resi- 
dues, the proteins from individual species of one class, within relatively narrow 
limits, are probably all equally different from those of another. The results of such 
comparisons are consistent with the commonly accepted over-all scheme of evolu- 
tion. The extent of variation of the primary structure of the various cytochromes c 
may give rough approximations of the time elapsed since the lines of evolution 
leading to any two species diverged. The factors introducing errors in such esti- 
mates are discussed. Cytochrome c is a protein which has accumulated mutations 
at a relatively slow rate. 

The confrontation of completely determined ribonucleic acid ‘‘codes’’ for amino 
acid residues in proteins with the amino acid sequence of a large enough set of homol- 
ogous cytochromes c can be expected to yield an estimate of the primary structure 
of the primordial eytochrome c along one or more lines of evolution, as well as 
predictions of the particular residues occurring in certain positions in intermediate, 
extant, or extinct species. 


The author is grateful to Professor K. Narita and to Dr. G. Kreil for having given him access 
to their studies on yeast and tuna cytochromes c, respectively, before publication, as well as for 
the generous permission to quote their results. 
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SEPARATION OF THE TRANSFORMING AND VIRAL 
DEOXYRIBONUCLEIC ACIDS OF A TRANSDUCING BACTERIOPHAGE 
OF BACILLUS SUBTILIS* 


By S. Oxuso,t M. Sropvonsky,? K. Bort,$ anp B. Strauss** 


DEPARTMENT OF MICROBIOLOGY AND COMMITTEE ON BIOPHYSICS, THE UNIVERSITY OF CHICAGO 


Communicated by George W. Beadle, August 5, 1963 


In generalized transduction, a variety of genetic characters can be independently 
transferred from a donor to host bacteria by transducing bacteriophage. Specialized 
transduction is more restrictive; characteristically, only a limited segment of ge- 
netic material can be transferred by a particular bacteriophage.' When the gal 
locus of Escherichia coli is incorporated into the specialized transducing bacterio- 
phage \, bacterial DNA is integrated into the phage genome and replicates along 
with it.2-4 The transducing particle itself is defective; singly infected EF. coli 
which are transduced for the gal locus are not at the same time able to produce com- 
plete phages. The finding that generalized transducing phages of FL. coli were also 
defective, so that transduced bacteria infected at low multiplicities were not lyso- 
genized,® seemed to suggest a basic similarity between general and specialized trans- 
duction. It has been supposed! that transduction invariably involves recombina- 
tion between bacterial and viral genetic material resulting in the insertion of 
bacterial DNA into the viral genome. According to this hypothesis, the difference 
between general and specialized transducing phages would be the number of allowed 
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sites at which recombination could occur, there being only one such site for the spe- 
cialized transducing phage. Since recombination appears to require genetic homol- 
ogy, this hypothesis predicts that the DNA of transducing phages contains base 
sequences which are homologous with sequences in host DNA. 

Recently, a series of generalized transducing phages of Bacillus subtilis have been 
described which differ markedly from their host in DNA composition.*:*7 These 
phages have glucose in their DNA, and in some, deoxyuridylic acid is substituted 
for deoxythymidylic acid. The substitutions produce alterations in the physical 
properties of DNA; phage DNA may differ from bacterial DNA in thermal dena- 
turation temperature and in buoyant density in solutions of cesium salts.’ * B. 
subtilis phages are particularly useful for studies on the mechanism of transduction 
since the availability of a system for transformation in B. subtilis” provides a 
method for determining the presence of a region of bacterial information (i.e., a 
marker gene) in any sample of DNA. 

We have used one of the B. subtilis transducing bacteriophages, SP10,'! to ask the 
following questions: is the transduction of B. subtilis the result of the transfer of 
bacterial information by bacterial or by virus DNA, and is the transducing DNA 
integrated into the bulk of the viral nucleic acid? If bacterial information were 
carried by DNA in which phage constituents substitute for their bacterial counter- 
parts, the physical properties (thermal denaturation temperature and density) 
of a given bacterial marker in the DNA would differ from those of the same marker 
in host DNA. We have found that the transforming activity isolated from trans- 
ducing phage has the physical properties of bacterial rather than of phage DNA 
and that the transforming DNA is not contiguous with the viral DNA. 


Methods and Materials.—The bacteriophage used in these studies was the B. subtilis phage 
SP10 obtained from Thorne.'! This phage has the shape described by Takahashi! for other B. 
subtilis viruses and has a head diameter of about 90 my and an over-all length of about 250 mu 
(Fig. 1). SP10 lyses B. subtilis Marburg strains but will not produce plaques on strain 168, 
indole-requiring, and its derivatives. Plaques formed on the Marburg strain are characteristically 
turbid,!! although clear plaque mutants can be isolated and occur at a frequency of about 10-4 
10-5. Single step growth experiments indicate a latent period of 55 min and a burst size of about 
80 in the complex medium described by Thorne.!! 

We prepare the virus as follows: to prepare 5 liters of lysate, 100 ml of broth are first shaken 
overnight at 37° with an inoculum of the Marburg wild type. Five ml of this overnight culture 
are then added to each of two flasks containing 250 ml of broth, and the mixture is shaken at 37°. 
One hr later, 90 ml of the overnight culture is added to 5 liters of broth in a 10 liter carboy and 
aerated at 37°. When the absorbance (500 my) of the 250 ml cultures reaches 0.5 (about 108 
organisms per ml), 10 ml of SP10 lysate prepared the previous day is added to each of the smaller 
cultures. Shaking is continued until lysis occurs about 90 min later. When the large carboy has 
reached an absorbance of 0.45-0.5 (after about 31/, hr), the 500 ml of freshly prepared lysate is 
added and aeration is continued at 37°. The culture clears in about 90 min. ‘“Hyflo Super Cel’”’ 
is added (4g/1), and the lysate is filtered to give a titer of about 2 X 10" per ml. Wedo not add 
chloroform to our preparations. Phage suspensions are stored overnight before further treatment. 

The phage is next subjected to differential centrifugation and to treatment with pancreatic de- 
oxyribonuclease and with ribonuclease. The lysate is centrifuged for 75 min at 20,000 rpm in the 
no. 21 head of the Spinco Model L centrifuge. Sedimented material is resuspended by covering 
each pellet with 0.5 ml of 0.1 M tris (hydroxymethyl) aminomethane buffer (‘‘tris’’), pH 7.0, 
containing 5 X 10-* M Mg++. After standing overnight, the virus suspensions are pooled, and 
the tubes are rinsed. Larger particles are removed by centrifugation at 5,000 rpm for 15 min in 
the SS34 head of the Servall centrifuge. The nonsedimented material is then treated for 30 min 
at 37° with 20 ug per ml each of deoxyribonuclease and ribonuclease. The treated lysate is centri- 
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Fig. 1.—Electron micrograph of —_— suspension of phage SP10 X 3,275. Phage purified 


as described in Methods was dialyzed against 0.1 M ammonium acetate and sedimented onto a 
colloidon grid. The preparation was shadowed at an angle of 15°, turned at 90°, and shadowed 
again at 15°. The picture was taken by Dr. William Doyle. 
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Fig. 2.—Equilibrium banding of plaque- 
forming units and transducing particles in a 
CsCl gradient. 4 X 10! plaque-forming units 
of SP10 in a total of 5.3 ml of CsC1 solution of 
: density 1.500 were centrifuged for 24 hr at 35,000 
O/nd © Tronsductonts_| rpm at 4° in the SW39 rotor of the Spinco Model 
@Ploque Forming Units| I, centrifuge. Single drops were collected. The 
odd numbered drops were assayed for transduction 
by adding 1 ml of log phase cells of an ind~his~ 
cys~Sm* strain of B. subtilis, incubating at 37° 
for 30 min, and then adding 2.5 ml of soft agar 
and plating on medium deficient in tryptophan 
_| containing 500 yg of streptomycin per ml. 
Plates were scored for ind*+ transductants after 
two days incubation at 37°; 100% transduction 
corresponds to 536 transductants per drop. Ten 
ml of 1% peptone were added to all even num- 
_| bered fractions, and the total number of plaque- 
forming units was assayed by the agar layer 
technique using the complex medium of Thorne" 
and = Sheu strain of B. subtilis as an indi- 
cator; 100% plaque-forming units represent 
4.3 X 10° plaques per drop. 
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fuged for 60 min at 15,000 rpm in the S834 rotor of theServall centrifuge. The pellet is resuspended 
by standing overnight with 2 ml of tris buffer containing 5 X 10-*Mg**. All preparative centrif- 
ugations are carried out at 0-4°. The phage is finally purified in a CsCl density gradient: 
phage is centrifuged for 15 hr in the SW39 swinging bucket rotor at 34,000 rpm in CsCl solution of 
density 1.5 gm/cm', and the band of phage is cut from the tube. Plaque-forming units have a 
density slightly greater than the transducing particles when successive drops are collected from 
the CsCl gradient, but this difference in density is too small to permit any ready separation (Fig. 2). 

DNA is extracted from the purified phage suspension by the method of Mandell and Hershey, '* 
as modified by Davison and Freifelder,'* and stored at 4° in solution. Transformation assays 
were performed according to the protocol of Anagnostopoulos and Spizizen" using either the indole- 
requiring 168, or an ind~his.~ derivative as recipient. Density gradient experiments were per- 
formed as described by Szybalski® using the Spinco preparative ultracentrifuge, and as described 
by Meselson, Stahl, and Vinograd'* using the Spinco Model E analytical ultracentrifuge. Ultra- 
violet absorption photographs were scanned with a Joyce-Loebl recording microdensitometer. 
Densities in CsCl were calculated using the relationship described by Meselson et al.'® with a 
standard of bacteriophage T4 DNA. Densities in Cs2SO, were calculated using the values of 
Erikson and Szybalski® for T4 and B. subtilis. Thermal denaturation assays were performed as 
described by Geiduschek." 

Results.—Properties of phage DNA: It is possible to separate SP10 DNA from 
B. subtilis DNA in a Cs,SO, gradient® (Fig. 3). SP10 DNA is denser with a density 
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Fig. 3.—Equilibrium banding of SP10 and B. subtilis 
DNA in a CsSO, gradient. A mixture of 0.75 ug. of B. 
subtilis DNA, 0.3 yg of coliphage T4 DNA, and 0.5 wg of SP10 
DNA in 0.4 ml of 0.01 M tris buffer, pH 8, with 2 k 10-3 M 
EDTA (final concentration) was added to 0.295 ml. of satu- 
rated Cs.SO, solution to give a density of 1.447. After 24 hr 
centrifugation at 35,600 rpm in the analytical rotor of the 
Spinco Model E ultracentrifuge, the mixture in a 12 mm KelF 
cell was photographed with ultraviolet optics. The figure is a 
microdensitometer tracing of the photograph. 














equal to 1.437 compared to bacterial DNA with a reported density of 1.424; in 
CsCl the two preparations differ only slightly in density. 

There is a close similarity in the base composition of SP10 DNA and B. subtilis 
DNA (Table 1). On hydrolysis with formie acid, SP10 DNA yields bases which 
partition in chromatography like adenine, thymine, guanine, and cytosine and which 
have similar UV spectral properties. 


TABLE 1 


Base Composition OF SP10 DNA 
—_————Ratio of absorbance—————-- Molar per cent Reported for 
250/260 280/260 set B. subtilis 
dase it. found lit. found (a) (b) DNA‘ 
Adenine 76 0.76 0.37 0.39 29.5 30. 29 
Thymine 67 0.67 0.53 0.55 28.2 26. 29 
Guanine ; 1.30 0.84 0.78 21.0 21. 21 
Cytosine 48 0.47 1.53 1.56 21.3 22 .é 21 


SP10 DNA was precipitated with ethanol, and then 1 mg was hydrolyzed with 90% formic acid at 175° for 
30 min. The hydrolysate was evaporated and chromatographed with isopropanol (171):concentrated HCl 
(41) and water (39). The spots, as located by scanning with an ultraviolet lamp, were eluted with 0.1 N HCl, 
and their concentration was determined from the measured absorbance and from the molar extinction co- 
efficients. 
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SP10 DNA has a lower thermal denaturation temperature than does B. subtilis 
in both reversible and irreversible thermal denaturation assays (Fig. 4, top). A 
gradual rise preceding the sharp increase of absorbance in the thermal denaturation 
region is characteristic of our SP10 DNA preparations. These preparations had 
260/280 absorbance ratios of about 1.9, indicating the removal of all detectable 
phenol in the course of the extraction of DNA. 
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Fic. 4.—Thermal denaturation and heat inactivation 
curves for DNA prepared from B. subtilis and from phage 
SP10. Thermal inactivation of transforming activity 
(bottom) was measured by heating 0.1 ml of DNA (dia- 
lyzed against 0.15 M NaCl + 0.015 M sodium citrate) in a 
small tube for 10 min at the indicated temperature. The 
sample was then quenched in an ice bath and equilibrated 
at 37°. One ml of competent cells of strain 168 (ind~) 
containing 2.3 < 10° viable organisms was added, and the 
mixture was shaken for 30 min at 37° and then plated. 
The entire SP10 sample was plated in 2.5 ml. of soft agar. 
Dilutions of the B. subtilis DNA were made after treat- 
ment, and (0.1 ml samples were plated. Transformations 
to ind* were scored after 2 days incubation at 37° on a 
mineral salts plus glucose medium.'! Reversible and irre- 
versible denaturation assays (top sets): DNA dissolved 
in 0.15 M NaCl + 0.015 M sodium citrate was heated in a 
sealed cuvette for 20 min at the indicated temperature. 
After the determination of absorbance at 260 my the sam- 
ple was quenched in an ice bath for 5 min, equilibrated at 
room temperature, and its absorbance determined. Open 
circles or triangles: reversible dissociation measured by 
absorbance at ambient temperature. Closed circles or 
triangles: irreversible dissociation measured by the 
absorbance at room temperature after quenching solutions 
heated to the indicated temperature in an ice bath.” 
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Thermal denaturation temperature and density are parameters indicating the 
G-C content of a micro-organism.'* The exceptional cases, in which G-C content 
calculated from thermal denaturation data does not agree with G-C content cal- 
culated from density data, have been considered as indicative of some component 
in the DNA other than the four common deoxynucleotides.6 Phage SP10 should 
therefore have some abnormal component as yet unidentified. 

Physical properties of transforming activity extracted from phages: Preparations 
of SP10 have transforming activity for competent B. subtilis populations. This 
transforming activity is inactivated (lig. 4, bottom) at temperatures characteristic 
of the irreversible denaturation of B. subtilis DNA (Fig. 4, middle) rather than that 
of SP10 DNA (Fig. 4, top) as determined by absorbance measurements. We have 
invariably obtained an approximate doubling in transforming activity at the 
temperature at which SP10 is irreversibly denatured as long as the transformations 
were carried out at a DNA concentration of about 2 ug/ml, i.e., in the plateau re- 
gion of DNA concentration." The increase was not obtained at a DNA concen- 
tration of about 0.25 ug/ml. These thermal denaturation experiments were con- 
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ducted in 0.15 M NaCl + 0.015 M sodium citrate. The same type of result was 
obtained in more dilute buffer: 10-* M NaCl, 10-* WM NaH»PO,, and 10-4 M EDTA 
adjusted to pH 7 with NaOH. In this low ionic strength buffer the denaturation 
temperatures were lower, but there was the same correspondence between irreversible 
denaturation of the SP10 DNA and the increase in transforming activity, and be- 
tween completion of the B. subtilis irreversible denaturation and inactivation of 
transforming activity from both B. subtilis and SP10. 

The thermal denaturation experiments suggested that SP10-transforming activity 
was carried by bacterial rather than by phage DNA. If this were so, then the 
denaturation of SP10 DNA at temperatures below those at which B. subtilis DNA 
denatures would increase transforming activity, since SP10 DNA would be expected 
to act as a competitive inhibitor at high DNA concentrations, and this competition 
would be removed by denaturation. 

Noncontiguity of phage and bacterial DNA: Assuming then that transformation 
in this system is due to bacterial DNA, we next inquired whether the bacterial DNA 
occurred attached to phage DNA or as a separate piece. Insertion of a piece of 
bacterial DNA which denatured at a higher temperature than the phage DNA 
would be analogous to the insertion of a stable cross link. Such cross links cause 
an increase in the irreversible thermal denaturation temperature limited only by the 
stability of the cross link.” The presence of a bacterial piece would raise the ir- 
reversible thermal denaturation temperature of that phage DNA carrying the bac- 
terial piece to that of pure B. subtilis DNA. 

Since bacterial and phage DNA can be separated in a Cs.SO, gradient, it was 
possible to test the separability of transforming activity from the bulk of the SP10 
DNA. For this experiment ind~ B. subtilis DNA was mixed with SP10 DNA, 
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Fia. 5.—Separation in a Cs,SO, gradient of the 
transforming activity isolated from phage SP10 
tr 200 from the SP10 DNA. 0.5 ug of B. subtilis ind- 
DNA were mixed with 36 ug of DNA isolated 
from phage SP10 and made up to 0.44 ml. The 
final concentration of buffer was 0.01 M tris, 
pH 7.5. Saturated Cs.SO, solution (0.33 ml) 
was then added to give a density of 1.447 as 
determined from the refractive index. The mix- 
ture was centrifuged in the Spinco SW39 swing- 
ing bucket rotor (rotor temperature = 25°) for 
36 hr at 30,000 rpm. Successive drops were 
collected and assayed for absorbance at 260 mu 
after dilution with 0.5 ml of salts solution."! 
The tubes were then heated at 60° for 10 min to 
sterilize their contents. One ml of competent 
ind~hise~ organisms (2.3 X 108/ml) was added to 
the 0.5 ml DNA sample, and the mixture was 
incubated for 30 min at 37° with shaking. 
Samples of 0.1 ml were plated on minimal me- 
dium supplemented with tryptophan for scoring 
his+ transformants; the remaining 1.4 ml of 
transformation mixture was mixed with 2.5 ml of 
soft agar and plated on medium supplemented 
with histidine to score ind*+ transformants. 

tab ab a CSCsé~Pilates were scored after two days incubation at 

Drop Number 37°. No ind* transformants were obtained 

when the ind~ bacterial DNA was tested sepa- 

rately prior to centrifugation; 0.1 ml of a 10~? dilution of the ind~ bacterial DNA gave 376 hist 

transformants when 0.1 ml of a mixture with competent his~ organisms was plated on medium 
supplemented with tryptophan. 
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and the mixture was centrifuged in a Cs,SO, gradient. The absorbance at 260 
mu and the transforming activity of successive drops from the gradient were 
determined after the mixture had reached equilibrium (Fig. 5). Transforming 
activity was assayed with a ind~ (168) his.~ strain as a recipient so that ind+ 
transformants came only from SP10; his+ transformants are contributed both by 
SP10 and predominantly by B. subtilis DNA added as a density marker. The bulk 
of the absorbance, representing the SP10 DNA, was found at a higher density than 
all of the transforming activity (Fig. 5); the bands of ind+ activity, from SP10, 
and of his+ activity, from B. subtilis DNA, are nearly superimposable. 

Discussion.—The transforming activity extracted with SP10 DNA from phage 
treated with pancreatic deoxyribonuclease behaves like B. subtilis DNA in thermal 
denaturation experiments and separates from SP10 DNA in a Cs.SO, gradient 
where it bands with B. subtilis DNA. Since the peaks of absorbance and of trans- 
forming activity are separated by 24 drops (Fig. 5), no more than about 4 per cent 
of SP10 DNA could be incorporated into the transforming DNA without causing 
a shift of at least a drop toward higher density and away from the B. subtilis DNA 
added as a density marker. We therefore conclude that in this transducing system 
there exists B. subtilis DNA which is not integrated into the viral DNA comple- 
ment. The behavior is as originally suggested by Zinder’; fragments of bacterial 
DNA are incorporated into phage. 

The data presented in this paper indicate that native bacterial DNA can be in- 
corporated into phage without being integrated into the viral DNA, and we infer 
that this DNA is involved in transduction. A unitary mechanism will not account 
for the molecular events in all cases of transduction, both general and specialized. 

Summary.— When DNA is isolated from the transducing B. subtilis bacteriophage 
SP10, it is found that this DNA is effective for the transformation of competent 
populations of B. subtilis. SP10 DNA can be distinguished from B. subtilis DNA 
by its density in a Cs,SO, gradient and by its thermal denaturation temperature, 
since the phage DNA has a higher density and lower thermal denaturation tem- 
perature than the corresponding bacterial DNA. The transforming activity pres- 
ent in SP10 DNA preparations denatures at a temperature characteristic of B. 
subtilis DNA rather than of viral DNA. In a Cs.SO, gradient the transforming 
activity from SP10 bands with bacterial rather than viral DNA. 
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ASSOCIATION OF NEWLY FORMED VIRAL PROTEIN WITH 
SPECIFIC POLYRIBOSOMES 


By Matruew D. Scuarrr,* AARON J. SHATKIN, AND LEON LEVINTOW 


LABORATORY OF BIOLOGY OF VIRUSES, NATIONAL INSTITUTE OF ALLERGY AND INFECTIOUS DISEASES, 
BETHESDA, MARYLAND 


Communicated by Harry Eagle, August 26, 1963 


The polyribosome or polysome, a cluster of ribosomes presumably bound together 
by a strand of messenger RNA, has been shown to be a functional unit for protein 
synthesis in rabbit reticulocytes,': ? rat liver cells,*:* and cultured HeLa cells. ° 
Moreover, infection of the latter cells with poliovirus, one of the small, RNA-con- 
taining viruses, leads to dissolution of the polyribosomes involved in the synthesis of 
cell protein and the formation of characteristic, larger polyribosomes.’ The nature 
of the newly synthesized protein associated with the polyribosomes of poliovirus- 
infected cells has been investigated in the present experiments, and an appreciable 
portion of it has been identified immunologically as virus protein. The events 
following infection with vaccinia virus, a large DNA-containing virus which, like 
poliovirus, multiplies in the cytoplasm, have also been studied. In this case as well, 
the formation of characteristic polyribosomes active in the synthesis of viral protein 
has been demonstrated. 

Materials and Methods.—Cells and virus: Strain S38 HeLa cells were grown in suspension by 
the ‘‘spinner’’ technique in modified Eagle’s medium supplemented with 5% horse serum.” Cells 
in the phase of logarithmic growth were collected by low-speed centrifugation and infected as 
follows. For poliovirus infection, the cells were washed and resuspended at 8 X 10® cells/ml in 
warm medium containing the usual concentration of glutamine, '/s the concentration of the other 
amino acids, and no serum. This medium, which does not support cell multiplication but does 
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permit optimal yields of virus,’ was utilized to conserve isotopically labeled precursors of viral 
protein. The cells were infected with 100 plaque-forming units (PFU)/cell of Mahoney strain 
Type 1 poliovirus, and incubated at 37° with gentle stirring (magnetic bar). After a 20-min 
period of adsorption, the cell suspension was diluted with an equal volume of warm medium, 
and the incubation continued. The course of maturation was followed by measurements of 
infectivity by a plaque assay on HeLa cell monolayers.* Under these conditions, maturation of 
virus begins after a latent period of about 2.5 hr, and is complete at 5—6 hr. 

A generally similar procedure was followed in the case of vaccinia virus, except that the cells 
were suspended at 3 X 10° cells/ml in growth medium with 5% horse serum and infected with an 
input multiplicity of about 25 PFU/cell of strain WR vaccinia virus. After incubation for 1 hr, 
the cells were washed three times with warm medium containing 20° dialyzed human serum and no 
amino acids except glutamine, and finally resuspended at 3.5 X 105 cells/ml in medium with the 
usual concentration of glutamine, !/19 the concentration of the other amino acids, and 5% dialyzed 
horse serum. The course of viral maturation was followed by a plaque assay on monolayers of 
chick embryo fibroblasts.!°. Formation of new virus under these conditions begins about 4 hr 
after infection, and is complete at 14 hr. 

Antigens and antisera: Antisera to the complete poliovirus particle (D antigen) and to the 
hollow virus capsid (C antigen) were obtained as previously described.'! Treatment of purified 
virus with guanidine, urea, or sodium dodecyl! sulfate yields a soluble antigen (S antigen) distinct 
from D or C antigen, but identical to at least a portion of the soluble antigen(s) in the infected 
cell. Antiserum to 8 antigen was prepared as follows. Purified virus’ was treated with 6.35 M 
guanidine at pH 8.3 for 5 hr at 37°, followed by 24 hr at 25°. 0.1 ml of reaction mixture, corre- 
sponding to 300 ug of virus, was diluted with 3 volumes of 0.14 .W NaCland emulsified in complete 
Freund’s adjuvant.'? The emulsion was injected into the footpads of an albino rabbit, and the 
animal was bled 3 weeks later. The serum, which was characterized by agar diffusion with puri- 
fied antigens according to techniques which will be given in detail,'!* contained antibodies directed 
against C antigen and 5 antigen. 

Vaccinia antiserum was obtained as previously described" from rabbits infected with partially 
purified virus, and antiserum to bacteriophage \ was produced in rabbits by intravenous injection 
of phage purified by sedimentation in CsCl gradients. 

Antiserum against rabbit 7 globulin was obtained by immunizing sheep intramuscularly with a 
suspension of 5-10 mg of diphtheria toxoid—rabbit. antitoxin immune precipitate in 0.5 ml of 0.14 
M NaCl, emulsified in an equal volume of complete Freund’s adjuvant. The resulting antiserum 
is directed primarily against 78 and 19S rabbit y globulin. 

Globulins were prepared from the rabbit antiviral sera by the addition of '/2 volume of saturated 
ammonium sulfate, and the point of equivalence with sheep antirabbit y globulin was determined 
for each preparation." 

Quantitative measurement of viral antigens: The procedure, which has been briefly described 
previously,'! is based on the fact that isotopically labeled amino acids in the medium of an infected 
cell culture are efficiently incorporated into viral protein.’6 The soluble complex of labeled 
antigen and its specific rabbit antibody is precipitated by the addition of sheep antiserum to rabbit 
y globulin, and the amount of isotope in the precipitate is a measure of the amount of viral antigen. 
A sample of labeled purified virus can be nearly quantitatively precipitated with the appropriate 
antibody.'4, 7 

In practice, y globulin prepared from poliovirus antiserum was added to one aliquot from an 
infected culture, and the mixture was incubated at 37° for 1.5-2 hr. A parallel incubation of 
another aliquot with y globulin prepared from a rabbit immunized with bacteriophage \ provided 
an immunologically unrelated control. The amounts of antiviral and control y globulin were 
adjusted so as to yield precipitates which carried down the same amount of nonspecific radio- 
activity in control incubations set up as described below with fractions from uninfected, labeled 
cells. An amount of sheep antiserum equivalent to the amount of rabbit y globulin in the system 
was added, and the incubation continued for 2 additional hr. The resulting precipitates were 
collected and washed three times with cold 0.14 M NaCl, dissolved in 0.25 N acetic acid, and plated 
for radioactivity determinations. A similar procedure was followed for vaccinia virus except that 
unfractionated rabbit antiserum was used, and the control was pre-immune rabbit serum. 

Isolation and characterization of polyribosomes of infected cells: The technique of Penman 
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ei al was followed with minor modifications. After a l-min exposure to C' amino acids in the 
form of hydrolysate of algal protein, a suspension of 7-8 X 107 infected cells was poured into an 
equal volume of a frozen slurry of amino-acid-free medium. The cells were immediately sedi- 
mented at 1,500 rpm for 3 min, washed once with 8 ml of the same chilled medium, and resuspended 
in 2 ml of RSB (10~? tris- HCl pH 7.4, 107? M KCl, and 1.5 & 107% M MgCl). After 5 min at 
0° in this hypotonic environment, the cells were ruptured with three strokes of a tight-fitting, 
7-ml-capacity Dounce homogenizer, and sucrose to a concentration of 0.15 M was added. Un- 
broken cells and nuclei were removed by centrifugation, the supernatant was made 0.25% with 
respect to sodium desoxycholate, layered over a linear gradient of 10-20% W/V sucrose in RSB, 
and centrifuged for 45-65 min at 25,000 rpm in a Spinco SW 25 rotor. The bottom of the tube 
was punctured, and the absorbancy of the effluent at 260 my was monitored with a Carey recording 
spectrophotometer equipped with a flow cell. Approximate sedimentation constants were 
calculated according to Martin and Ames,'* assuming a value of 70S for the peak of single ribo- 
somes. Fractions of 1.2 ml were collected. A portion of each fraction received 500 ug bovine 
serum albumin and an equal volume of 10% trichloroacetic acid (TCA) to determine the total 
precipitable radioactivity. The precipitates were washed with 5% TCA and dissolved in 0.5 ml 
of 0.25 N NH,OH for plating. The remaining portion of each fraction was dialyzed overnight 
against three changes of RSB at 0°C. The volume of each dialyzed fraction was adjusted to 2 
ml, of which 0.5 ml portions were utilized for specific and nonspecific immunological precipitation 
as described above. Another portion was precipitated with trichloroacetic acid. To correct 
for the 20-30% loss of viral proteins during the experimental manipulations, the net specific 
radioactivity in each dialyzed fraction was multiplied by the ratio of total acid-precipitable counts 
before and after dialysis. Several fractions of a gradient prepared from uninfected cells were always 
carried through as controls; in such fractions, the immune precipitates obtained with viral anti- 
body and phage antibody each brought down about 10% of the total acid-precipitable radioactivity. 
In fractions from the polyribosome area of infected cells, the antiviral y globulin typically brought 
down about 40% of the total counts, and the unrelated control y globulin about 15%. The 
possibility of antigen excess, and consequent incomplete precipitation of viral antigen, was ruled 
out by parallel incubations with one-half portions from the peak fractions. 

Labeled amino acids were obtained from the New England Nuclear Corp. The 
homogenizer was manufactured by the Kontes Glass Co. 

Results.—Association of nascent poliovirus antigen with specific polyribosomes: 
A characteristic series of events in HeLa cells pretreated with actinomycin and then 
infected with poliovirus was observed by Penman et al.5 Analysis of cytoplasmic 
extracts of infected cells fractionated by sucrose-gradient centrifugation demon- 
strated an initial inhibition of protein synthesis and disappearance of polyribosomes, 
followed by resumption of protein synthesis associated with newly formed, larger 
polyribosomes. 

Similar phenomena are demonstrable in cells infected without actinomycin. Four 
hours after infection, a culture was exposed to C4 amino acids for a 1-min period, 
and a cytoplasmic extract was prepared immediately afterward. The analysis of a 
sucrose gradient of such an extract is shown in Figure 1; a similar preparation from 
growing, uninfected cells is shown in Figure 3A. In accord with the finding of Pen- 
man et al.,° labeled protein was associated with the polyribosomes of both the unin- 
fected and infected cells under these conditions. The peak of labeled protein in the 
uninfected cells was about 2508, in the infected cells about 4008S. Uninfected cells 
maintained for 4 hours under the conditions used for infection yielded sucrose gra- 
dients similar to those from growing cells, except for some diminution in the peak of 
optical density around 2508S, and a corresponding increase in the peak of single 
ribosomes. 

A considerable portion of the nascent protein associated with the polyribosomes 
of the infected cells was specifically precipitated with antibody directed against 
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subunits of the viral protein. Before 07 
the immunological procedure, it was 
necessary to dialyze the fractions under 
conditions which dissociated polyribo- 
somes, so that the actual immune pre- 
cipitation did not involve nascent pro- 
tein still attached to aggregates of ribo- 
somes. The fraction of specifically 
precipitable protein in nine different 
experiments was between 15 and 40 per 
cent, constituting on the average 25 
per cent of the total. With specific 
antibody directed against either struc- 
turally complete virions (D antigen) or 
empty capsids (C antigen), no more 
radioactivity was precipitated than with 
the immunologically unrelated control 
antibody. 
Both the total and specifically pre- ms 7 
cipitable radioactivity associated with ” ” 
lyril r imal about 4 eee we 
olyribosomes were maximé put - : re , 
ei _ 90 3 o : . aes Fic. 1.—Relationship of optical density at 260 
hr after infection; qualitatively similar my (continuous line); newly synthesized polio- 
results were obtained before and after Y's 5 antigen, O; and total nascent protein, @, 
: ‘ ‘ in fractions of an extract of infected HeLa cells 
this time, with respect both to the after sedimentation through a sucrose gradient. 
fraction precipitable with specific anti- 3.75 hr after infection, 8 X 10’ cells were exposed 
Ae to 50 we of C™ protein hydrolysate (1 mC /0.6 mg) 
body and to other characteristics of the for 1 min. A cytoplasmic extract was prepared 
: § avere > 907 ri . % 
nascent protein. Although the process #4 layered over a 10-20% W/V sucrose gra 
: : : dient as described in the text. Fractions were col- 
of dissolution of cellular polyribosomes, _ lected and analyzed after centrifugation at 25,000 


and presumably the inhibition of cell ‘P™ for 55 min. The bottom of the gradient is to 
dis : the right, and the peak in the optical density 
protein synthesis, is accelerated in cells curve at fraction 19 represents single (~70S) 
pretreated for 3 hr and infected in the ribosomes. The values for poliovirus antigen 
represent the amount of radioactive material 
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JLNNIW s SLNNOD 














presence of 5 ug/ml of actinomyein D,° precipitable with antiserum to degraded virus, 


less that precipitable with antiserum to bacterio- 


a similar fraction of the total nascent, 
phage X. 


polyribosome-associated protein was 
specifically precipitable at 4 hr after infection in extracts of cells so treated. 
Despite the brief period of exposure to C'* amino acids followed by disruption of 
the cells, a considerable amount of radioactivity was always found near the top of 
the sucrose gradient in the foregoing experiments, of which a portion was specifically 
precipitable (ef. Fig. 1). The conditions of centrifugation were designed to differ- 
entiate classes of polyribosomes, and provided limited data on the sedimentation 
characteristics of this smaller material. Accordingly, material corresponding to 
fractions 18-22 in Figure 1 was diluted with an equal volume of RSB, layered over a 
10-20% sucrose gradient, and this time centrifuged for 2.5 hr at 25,000 rpm. Less 
than 20 per cent of the labeled protein was associated with the band of single ribo- 
somes which sediments to the middle of the gradient under these conditions, the 
bulk of it remaining near the top of the tube. This result implies that most of this 
labeled material represents complete or incomplete polypeptide chains free or at- 
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tached to soluble RNA. The small fraction 
which is associated with single ribosomes may 
arise, at least in part, from the degradation 
of polyribosomes during manipulations of the 


cell extracts.® 

The results of the foregoing experiment 
render it unlikely that nonspecific adsorption 
of nascent polypeptide chains to polyribo- 
somes is a significant factor under conditions 
of the present experiments. Further evi- 
dence on this point is given by the experi- 
ment illustrated in Figure 2. Material from 

; a the top of a gradient similar to that shown in 
PB ce ot aged msandany > Figure 1 was mixed with a whole cytoplasmic 
corresponding to fractions 20-22 in Figure extract of infected, unlabeled cells. The 
abakd anata pF espace chor mixture was sedimented through a sucrose 
over a second sucrose gradient, and centri- gradient for 45 min. About 90 per cent of 
fuged a 25,00 rpm for SS. min. Fractions the radioactivity was reeovered in the frac- 
for Fig. 1. tions corresponding to the original position 

of the labeled material in the gradient; a 
negligible amount was associated with polyribosomes. 

Function of polyribosomes in the synthesis of vaccinia virus protein: In distinction 
to the procedure followed with poliovirus, cells were infected with vaccinia virus 
under conditions which support cell multiplication in the absence of infection. The 
analysis of a sucrose gradient prepared from cells growing under these conditions is 
shown in Figure 3A. There was a broad peak of functional polyribosomes centered 
at about 2508, and the single ribosomes were represented only by a slight shoulder 
on the optical density profile. Figure 3B indicates the situation 2.5 hr after infec- 
tion, when the synthesis of virus protein was proceeding at a rapid rate, but before 
new virus is first detectable. There was an increase both in the amount of 2508 
polyribosomes and in the amount of nascent protein associated with them. Of the 
total polyribosome-associated nascent protein, about 15 per cent was specifically 
precipitable with antiserum. At 5 hr after infection (Fig. 3C), during the period of 
rapid maturation of virus, the amount of ribonucleoprotein in the polyribosome area 
and the amount of nascent protein were reduced, but a much larger fraction of the 
latter—about 30 per cent—was precipitable with viral antiserum. The distribution 
of nascent protein was broad and irregular, suggesting the existence of separate 
classes of functional polyribosomes of different sizes. A generally similar picture 
was observed later in the maturation cycle, at 8 hr after infection. 

Another manifestation of the infectious process, noted also in the case of polio- 
virus, was the progressive increase with time in the amount of single ribosomes, 
presumably reflecting the dissolution of polyribosomes responsible for the synthesis 
of cell protein. Moreover, in accord with the results of Warner et al.,? treatment 
of extracts of cells (infected with either poliovirus or vaccinia virus) with 1 ug of 
ribonuclease per ml for 10 min at 0° converted the polyribosomes to single ribo- 
somes, to which the nascent protein remained attached. 

Discussion.—Specifie immunological reactivity has previously been used to 
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Fia. 3.—Relationship of optical density at 260 
my (continuous line); newly synthesized vaccinia 
virus protein, O; and total nascent protein, @, in 
fractions of HeLa cell extracts after sedimenta- 
tion through a sucrose density gradient. Cells 
were infected, washed, and replicate cultures of 
185 ml containing 3.5 X 10° cells/ml were estab- 
lished as described in the text. Uninfected cells 
(A) were similarly treated but without the addi- 
tion of virus. At 2!/: hr (B) and 5 hr (C) after 
infection, a culture was centrifuged at 37°, and all 
but 15-20 ml of the medium removed. The cells 
were gently resuspended by stirring and, after 15 
min at 37°, 15 we of C ™ protein hydrolysate was 
added for | min. A cytoplasmic extract was pre- 
pared and layered over a 10-20% sucrose density 
gradient. Fractions were collected and analyzed 
after centrifugation at 25,000 rpm for 65 min. 
The values for vaccinia virus protein represent 
the amount of radioactivity precipitated with 
antivaccinia serum less that precipitated with 
pre-immune serum. 
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demonstrate the association of several newly synthesized proteins,'®~*? including 
poliovirus protein,?* with ribosomes. In the present experiments with poliovirus, 
“are has been taken to preserve the polyribosomes of the infected cell during isola- 
tion and fractionation, and the data indicate that it is with these particles, rather 
than single ribosomes, that the bulk of immunologically identifiable nascent virus 
protein is associated. The results thus confirm the conclusion of Penman et al.° 
based on the characteristic larger size of the polyribosomes of the infected cell and 
their time of appearance and functional activity, that they are the site of synthesis 
of poliovirus protein. 

Of the total protein labeled with a 1-min pulse of C'* amino acids and attached 
to the isolated polyribosomes, 15-40 per cent reacted specifically with antiserum 
directed against the soluble product of virus degraded with guanidine.** These 
values are corrected by subtraction of the amount of radioactivity brought down 
by an unrelated immune precipitate, and accordingly are low to the extent that 
immunologically reactive virus protein is occluded. Moreover, the immuno- 
logically identifiable fraction represents only those polypeptide chains sufficiently 
complete as to be antigenic, but not yet released from the site of synthesis. Thus, 
although the fraction cannot be precisely determined, it is apparent that a consider- 
able portion of the total nascent protein has the antigenic character of subunits of 
the viral capsid. It is noteworthy that the fraction of specifically precipitable 
counts was virtually the same in all fractions of the broad peak of polyribosomes, 
implying that the synthesis of capsid protein is a function of all, rather than a 
special class, of the polyribosomes of the infected cell. 

A new RNA polymerase has been identified in the cytoplasm of poliovirus-in- 
fected cells,?> but otherwise nothing is known concerning enzymes or other proteins 
which may be specified by the viral genome and which are necessary for viral replica- 
tion. One might reasonably assume that such proteins are immunologically dis- 
tinct from capsid protein, and at least a portion of the immunologically unreactive 
nascent protein might be accounted for on this basis. 

The evidence currently available indicates that the capsid is built up of one, or 
possibly two, polypeptide chains with a molecular weight of 25,000.°° The single 
molecule of RNA which constitutes the genetic apparatus of the virus is comprised 
of about 6,000 nucleotides, and thus apparently contains sufficient information to 
specify about 10 polypeptides of this size. Moreover, the large size of the specific 
polyribosome suggests that the entire molecule is functioning as messenger RNA. 
If the foregoing assumptions are valid, it is necessary to postulate some mechanism 
for the selective synthesis of capsid protein to account for the large fraction of 
immunologically reactive nascent protein. Conceivably, the RNA could contain 
repeated sequences specifying the same capsid protein(s), or a particular sequence 
might be read more frequently than other sequences. Alternatively, capsid pro- 
tein(s) may be released from polyribosomes more slowly than other nascent protein. 

The results with vaccinia virus suggest that the formation of specific polyribo- 
somes for the synthesis of virus protein may be a general phenomenon, at least with 
respect to viruses which multiply in the cytoplasm. In this case, specific poly- 
ribosomes of varied size appear in the infected cell early in the infectious cycle, and 
the first observed change in the optical density of the sucrose gradient profile is an 
increase in the amount of material in the 2508S region. These results do not indicate 
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whether dissolution of cellular polyribosomes precedes the appearance of virus- 
specific polyribosomes, but suggest in any event that early in the infectious cycle 
both cellular and viral proteins are being synthesized. As early as 2.5 hr after 
infection, the latter accounts for an appreciable fraction of the total. 

The vaccinia antiserum was produced by infecting rabbits with the virus and may 
contain antibody to nonstructural as well as to the various structural proteins. 
Nevertheless, as in the case of poliovirus, the maximum immunologically identifiable 
fraction of the polysome-associated protein labeled for 1 min (at 5 hr following 
infection) was about 30 per cent. With a 1-hr period of labeling at the same time 
in the infectious cycle, more than 50 per cent of the total labeled protein was im- 
munologically reactive.” Even the latter figure is probably a low estimate of the 
amount of viral protein synthesis relative to total protein synthesis in the infected 
cell, since this value for viral protein is also corrected by subtraction of the amount 
of radioactivity precipitated with pre-immune serum. Experiments with actino- 
mycin,® which completely inhibits the synthesis of viral protein, indicate that non- 
viral protein synthesis is progressively inhibited in the vaccinia-infected cell, and 
no net increase in cell proteins occurs after the fourth to sixth hr. 

As the cycle of vaccinia infection proceeds, the data suggest the formation of 
polyribosomes which differ in size and which may be concerned with the synthesis 
of different viral proteins. The distribution of nascent specific protein does not 
form a discrete peak as in the case of poliovirus, but is distributed throughout the 
polyribosome region. ‘This finding is in keeping with the complexity of the virus 
particle and the relatively large molecular weight (1.6 X 10%) of its DNA.?* ” 
Clearly, unlike the case of poliovirus, there is no restriction to a single species of 
messenger RNA. 

Summary.—Polyribosomes have been isolated from the cytoplasm of HeLa cells 
infected with poliovirus, a small, RNA-containing virus, and vaccinia virus, a large 
DNA-containing virus. In both cases, the polyribosomes have been shown to be 
the site of synthesis of immunologically identifiable virus protein. 


The expert technical assistance of Mrs. Norma F. McElvain and Mrs. Marilyn M. Thorén is 
gratefully acknowledged. We are indebted to Dr. J. E. Darnell for many helpful discussions. 


* Present address: Departments of Cell Biology and Medicine, Albert Einstein College of 
Medicine, New York 61, New York. 
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UV-INDUCED ELECTRON SPIN RESONANCES IN DNA AND 
THYMINE 


By J. E1stnGer AND R. G. SHULMAN 
BELL TELEPHONE LABORATORIES, MURRAY HILL, NEW JERSEY 
Communicated by W. O. Baker, August 27, 1963 


We have observed the electron spin resonance absorption spectra of UV-irradiated 
DNAand thymine. The principal free radical formed in both cases, as determined 
by analysis of the resonance data, consists of an unpaired electron on the 5-carbon 
of thymine. This radical is the same as that recently observed in both DNA! 
and thymine? after irradiation with y rays. 

The spectra were measured at 77°K in a Varian ESR spectrometer operating at 
9,112 me/see with 100 ke/see external field modulation and phase-sensitive de- 
tection. Samples were first irradiated at 77°K in a quartz dewar and then inserted 
into the microwave cavity dewar. In this way UV-induced paramagnetic centers 
in the quartz cavity dewar were avoided. The UV source consisted of an Osram 
500-watt high-pressure mercury are lamp followed by a filter which transmitted 
light between 2,400 and 4,800 A. 

The first derivatives of the absorptions observed in lyophilized DNA (calf thymus 
DNA from Worthington Biochemical Corp.) and thymine after UV irradiation are 
shown in Figure la and b, respectively. The satellite structures in these spectra 
are identical to each other and to those previously observed in thymine? and in 
DNA! after y irradiation. The radical proposed to explain these spectra was 
—CH.—C—CH,; from the 5- and 6-carbons of thymine. The pattern expected 
for this radical, on the basis of experimentally determined hf coupling constants of 
20.8 oe with three methyl protons and of 37.7 oe with two methylene protons, is 
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shown in Figure la. In order to confirm that the satellite structure comes from 
hf interactions with the methyl protons, we have shown in Figure le the resonance 
observed after irradiation of partially deuterated thymine: 


It can be seen that the methy! quartet has collapsed into a broad single line because 
of the smaller hf coupling with the deuterons. The widths of the protonated and 
deuterated thymine lines are 8 + 2 oe and 16 + 4 oe, respectively. The larger 
width of the deuterated sample comes from the 
collapsed deuterium hfs shown in Figure le, 
which is predicted to be 16 oe on the basis of 
the observed hydrogen line widths and hf split- 
tings and the deuteron-to-proton g-factor ratio. 

The integrated intensity of the central line 
in the deuterated thymine sample is approxi- Fl | | \ | \ 
mately eight times that of a satellite line, 
whereas only a factor of two is expected from niall (cry) 
the 1-2-1 triplet pattern created by the CH, 
splitting. It is clear, therefore, that an addi- 
tional central line appears near g = 2 whose 
width is ~25 oe. A similar broad line oceurs in 
the DNA and thymine spectra. | oe wae 

The free radical resonance in thymine is 
stable at room temperature, but the intensity 
of the broad central line decreased by ~50 per 
cent after ~1 hr at 195°K. When UV-irradi- | 
ated thymine was dissolved in water and sub- ill Ml l. lh 
sequently dried by pumping, the resonance Fic. 1.—First derivative of the ESR 
disappeared. When the calf thymus DNA was se nami Byes Nal hiss, 
dried by pumping before irradiation, the reso- thymine. In (a) the pattern expected 
nances persisted in sealed tubes even after long from the —CH:—C— radical is shown 
annealing at room temperature. The DNA CH, 
radical from y-irradiated DNA was stable at for comparison with (a) and (6). In 
ahs - : : (c) the pattern expected from 
50°C in our laboratories during the winter CH,—C— is shown to-agree well 
when the relative humidity was very low 
(~10%). However, neither the UV nor the 
y-ray radical was stable in the atmosphere at 
room temperature (~25°C) during July’s high relative humidities. 

It seems very likely that the thymine free radical which we have described is as- 
sociated with the thymine dimer which has been observed after irradiation of thy- 
mine® and DNA.*° The free radical formed has an unpaired spin on the 5-carbon of 
thymine, while an additional hydrogen has been added to the 6-carbon. This fits 
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in well with the structure® of the thymine dimer which is linked at these two posi- 
tions. 


We would like to thank Dr. R. Rahn for helpful comments on the manuscript. 
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COORDINATE VARIATIONS IN INDUCED SYNTHESES OF ENZYMES 
ASSOCIATED WITH MUTATIONS IN A STRUCTURAL GENE* 


By Nancy LEE AND ELLIS ENGLESBERG 
DEPARTMENT OF BIOLOGICAL SCIENCES, UNIVERSITY OF PITTSBURGH 
Communicated by Klaus Hofmann, July 25, 1963 


Mutations which produce a dual effect causing both a deficiency in one enzyme 
and a quantitative change in inducible levels of other enzymes were first detected 
in a study of L-arabinose negative mutants of Escherichia coli B/r.'~? L-arabinose 
negative mutants of this organism have been grouped by genetic and functional 
criteria into five genes—A, B, C, D, and E. Genes A—D are closely linked and are 
located in sequence D, A, B, C, between the genetic markers threonine (thr) and 
leucine (leu) (Fig. 1). Gene E which controls the L-arabinose permease is un- 
linked to this region as determined by transduction.2 Genes A and B are the 
structural genes for the enzymes L-arabinose isomerase and L-ribulokinase, re- 
spectively.” Mutants in gene C, although deficient in all three enzymes?‘ and the 
L-arabinose permease,’ are not similar to known operator (0°), regulatory (i*), or 
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Fic. 1.—E. coli L-arabinose gene-enzyme complex.'~? * = mutant whose order is 
ambiguous. 

permease mutants. These alleles of the C gene probably prevent the production 
of a product necessary for the induction of the enzymes (including permease) in the 
L-arabinose pathway.'® Gene D probably represents the structural gene for 
L-ribulose 5-phosphate 4-epimerase. 

The dual effect mentioned above has been described for mutants in the A and 
B genes. Mutants in the B gene, which we will be concerned with, produce either 
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an increased or decreased inducible level of L-arabinose isomerase, ranging from a 
specific activity of 3-300. The mutant sites affecting low and high levels are 
irregularly distributed along the B gene® and these differences in isomerase levels 
have been shown to represent differences in the rate of synthesis of an enzyme 
indistinguishable from the wild type.? With three B mutants tested, the 4-epi- 
merase levels were shown to increase or decrease in the same direction as the cor- 


responding isomerase levels.? 

This paper presents evidence, from an analysis of 21 B gene mutants, indicating 
that genes B, A, and D act as a “genetic unit of coordinate expression.””'! Further- 
more, it will be shown that the dual effect is probably the direct result of a change 
in the DNA code of a structural gene, a code which programs the structure of an 
enzyme and sets limits to the rate of synthesis of this and other enzymes specified 


by this genetic unit. 

Materials and Methods.—-E. coli B/r wild-type and L-arabinose nonutilizing mutants that map 
within the B gene have been previously ordered and described." % *&7 The preparation of 
sonicated extracts for various enzyme assays, including their partial purification, has also been 
given,® & 7 

A modified assay for L-arabinose isomerase, employed throughout this study, has been de- 
scribed elsewhere.’ L-ribulokinase assay is modified from a procedure of Horecker eé al.'?. The 
reaction mixture contains: Tris-( hydroxymethyl) aminomethane (Tris, Schwarz), 42 umoles; gluta- 
thione (Calbiochem), 4 umoles; ethylenediamine tetraacetic acid (EDTA), 2 umoles; MgCl, 20 
umoles; NaF, 20 umoles; adenosine triphosphate (Schwartz, ATN ), 8 umoles; and ribulose 1-C-14, 5 
umoles; and cell extract containing approximately 0.5-5 units of kinase activity, in a total volume 
of 0.5 ml. The reaction was carried out at 37°. One-tenth ml samples were withdrawn at 0, 3, 
and 6 min into 0.8 ml of absolute ethanol at 0°. One-tenth ml of 1 M barium acetate was added, 
and the precipitate formed in 15 min at 0° was collected on membrane filters (Millipore, HA 
0.45 mm), washed 6 times with 1-ml portions of cold 80% ethanol, dried, and the radioactivity 
determined with a Nuclear-Chicago Micromil thin window gas flow Geiger counter. Specific enzyme 
activity was recorded in terms of wmoles/hr/mg protein. 

Ribulose 1-C-14 was prepared from L-arabinose 1-C-14 (Calbiochem and Nichem) by the 
method of Englesberg,* and was further purified by paper chromatography in water-saturated 
butanol on Whatman #3 paper. The position of ribulose 1-C-14 was determined by radioautog- 
raphy, and material was eluted with water. Nonradioactive ribulose used as carrier was prepared 
in a similar manner, and the final purification in this case was accomplished by cellulose column 
chromatography with water-saturated butanol.!* The fractions containing only ribulose were 
identified by circular chromatography, pooled, lyophilized, and stored at — 20°. 

L-ribulose 5-phosphate 4-epimerase assays were as previously described.‘ L-ribulose 5-phos- 
phate and phosphoketolase were prepared by Dr. Richard Anderson. Glyceraldehyde 3-phosphate 
dehydrogenase was a commercial preparation (Nutritional Biochemicals). Isocitric dehydro- 
genase activity was determined spectrophotometrically'* at 30°. Proteins were determined by 
the method of Lowry et al.“ 

Anti-L-ribulokinase rabbit serum was prepared according to the method used for anti-L-arab- 
inose isomerase serum production.? The antigen used was a purified L-ribulokinase prepared 
from an A gene mutant (ara-2). The immune serum obtained was repeatedly absorbed with an 
extract of uninduced cells. The absorbed serum precipitates kinase, and kinase-CRM can be 
assayed by its ability to compete with active enzyme for antibody-combining sites.’ 

Quantitative determination of L-ribulokinase CRM was performed on 5 B gene mutants. The 
details for one such assay with ara-26 are given below (Fig. 2). In a series of 12 tubes (1X ) were 
placed 0.1 ml of antiserum, 0.1 ml of 0.8% NaCl, and 0.05 ml (0.29 mg protein) of a 1:4 dilution 
of ara-26 sonicated cell extract. To each tube was then added a different amount of L-ribulo- 
kinase, contained in 0.3 ml, ranging from 4 to 48 units in increments of 4 units. In another series 
(2X), the same reactants were employed, except that ara-26 extract was only diluted 1:2. In 
the control series (BSA), bovine serum albumin (0.4 mg) was substituted for the ara-26 extract. 
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Extracts were diluted in 107 M EDTA and 
10-8 M glutathione. After 4 hr of incubation 
over ice, the precipitates were removed by 
centrifugation, and the supernatants were 
assayed for remaining kinase activity as de- 
im | scribed above. The amount of active kinase 
[ + iiiee remaining in the supernatant was plotted 
F re against increasing amounts of active kinase 
pS ae tae — added, and the CRM content of the mutant 
ite Bi Sit ae p Ban “0 “4 48 extract was represented by the distance be- 
Fic. 2.—Quantitative determination of L- tween the end points of test and control 
ribulokinase CRM in B gene mutant ara-26 titrations. Thus, the CRM content of 1x, 
(see text). ara-26 extract is 12 units (a), and that of 2x, 
ara-26 extract is 21 units (b). The results 
were averaged and expressed as units of kinase CRM per mg of protein. Each mutant extract 
was assayed in this manner. A unit of kinase CRM is defined as the quantity that will protect 
one unit of active enzyme from precipitation by antiserum at the equivalence point. 

Results.—To determine whether mutations in the B gene, the structural gene 
for L-ribulokinase, affect the syntheses of L-arabinose isomerase and L-ribulose 
5-phosphate 4-epimerase in a coordinate fashion, extracts of wild-type and 21 B 
gene mutants grown in a casein hydrolysate arabinose medium were assayed for 
the above enzymes and isocitric dehydrogenase. The latter was employed as a 
control for determining the general activity of the extracts. In most cases ex- 
tracts were prepared in duplicate. L-arabinose isomerase activity of each mutant 
extract was plotted against its 4-epimerase (Fig. 3) and isocitrie dehydrogenase 
specific activities (Fig. 4). It is apparent that there is a wide spectrum of isomerase 
and 4-epimerase activities among 
3.5 Stes t the B mutants and that these in- 

MUTANTS IN THE L-RIBULOKINASE m : 
STRUCTURAL GENE ess, creases and decreases in enzyme 
30 T TPARTIALLY "TUNED EXTRACTS) | levels are proportionate or coordi- 
= | nated. The isocitric dehydrogenase 
se activity, on the other hand, shows 

“3 little variation. 

oe Five L-arabinose-induced B gene 
mutants produce significant amounts 
of L-ribulokinase CRM. Extracts 
of these mutants were assayed for 
L-arabinose isomerase, L-ribulo- 
kinase CRM, and isocitrie dehy- 
drogenase, and the specific activities 
of these enzymes were plotted in 
o a similar manner as above. The 
levels of isomerase and of kinase 
Fig. 3.—Coordinated syntheses of L-ribulose 5- CRM appear coordinated, over the 
phesphate ¢epimerase and L-arabioss isomerase in wide range of activities exhibited by 
tant designations, and subscripts 1 and 2, when these mutants (Fig. 5). The iso- 
brent, Tepresent diferent extracts of the same citric dehydrogenase assays again 
pared by the method of Cribbs and Englesberg’ and showed little variation from one 


partially purified by MnCl, precipitation,’ resulting i 9 
in approximately a twofold purification without any mutant to the other (maximum, 2- 


loss of activities. old). 
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[ wuTANTS IN THE L-RIBULOKINASE 
STRUCTURAL GENE 

300 | ISOCITRIC DEHYDROGENASE VS. ISOMERASE 
| (PARTIALLY PURIFIED EXTRACTS) 


The five kinase CRM producers — 
among the B gene mutants were 
selected from a qualitative screening 
test. There are a number of other 
B mutants which seem to have 
traces of CRM as previously re- 
ported,? much below the level of 
Some of these mutants are 
high isomerase and 4-epimerase 
producers (ara-24, ara-71). We 
would predict, on the basis of the 
coordinate control that we have 
shown, that such mutants are prob- 
ably producing an amount of mere fe Rad Oe ae 
kinase-like protein proportional to 0 50 100 150 200 250 30 350 
their isomerase and 4-epimerase Fic hain reagneia= eect ; 

beset: - Wie culteaiainine loa tastaad 1G. 4.—Isocitrie dehydrogenase specific activ- 


ities of wild-type and B gene mutants plotted 
kinase CRM which were detected 282nst their respective L-arabinose isomerase 
would be due to a loss in both en- 


levels. Numbers and subscripts are as in Fig. 3. 
zymatic activity and antigenic cross reactivity resulting from the structural rear- 
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rangements in the mutant kinase protein. 

We have previously shown that the increases and decreases in rates of enzyme 
synthesis as a result of mutation in the kinase structural gene are not due to the 
production of altered enzymes.’ Neither is it possible to explain the varied activi- 
ties on the basis of differences in the ability to take up and concentrate inducer. 
Novotny and Englesberg,’ using C-14 
xylose as a measure of the L-arabinose 
permease, were unable to demonstrate 
any great variation in the L-arabinose 
permease among the B mutants, and where 
a small difference exists, about 2-fold, 
it did not parallel the isomerase levels. 
Also, the residual kinase activity, or 
leakiness, which might conceivably alter 
the intracellular concentration of L-arabi- 
nose, does not appear to be associated 
with either high or low enzyme levels 
(Fig. 6). Furthermore, mixing experi- 
ments have apparently ruled out the 
possibility of the production by these Pec. 5 —Cosndineted een ab be 
mutants of a cytoplasmic inhibitor or arabinose isomerase and L-ribulokinase 
activator of enzyme activity.’ Experi- pr sell wan aes sual cades aee 
ments with sexual merozygotes have failed erase ‘specific activity for comparison. 
to demonstrate the presence of any cyto- The manner in which the kinase CRM units 
plasmic B gene product that affects the 
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Extracts employed were prepared by an 


per mg of protein for various B gene mu- 
tants are obtained is as depicted in Fig. 2. 

rate of synthesis of L-arabinose isomerase 

or L-ribulokinase."° 


earlier method€which yielded cells of rela- 
tively lower activities.‘ 
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Discussion. —The coordinate synthesis of L-ribulokinase CRM, L-arabinose 
isomerase, and L-ribulose 5-phosphate 4-epimerase, as demonstrated with the dual 
effect mutants in the B gene, indicates that the structural genes concerned (B, A, 
and D) represent a ‘‘genetic unit of coordinate expression.”!' Coordinate control 
of enzyme synthesis was first discovered in a study of histidine biosynthesis by 
Ames and Garry, and in 8-galactoside utilization by Jacob and Monod.'!! Frank- 
lin and Luria,” Jacob and Monod,'! and more recently Ames and Hartman!’ have 
also demonstrated a dual effect of mutations in structural genes. In the histidine 
and 6-galactosidase systems, such mutations only affect a coordinate decrease, 
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Fic. 6.—Residual L-ribulokinase specific activities of B gene 
mutants (‘‘leakiness’’) plotted against their respective 
L-arabinose isomerase specific activities. Numbers are 
mutant designations, and values of their L-ribulokinase specific 
activities are based on the average of two assays performed on 
two different extracts of the same mutant. 


but never an increase, in level of enzyme synthesis. There has also been no evidence 
presented so far in these sytems for coordination of CRM formation (self regulation). 
The absence of mutations in the 6-galactosidase structural gene and the histidine 
structural genes leading to high inducible levels of enzyme may be due to specific 
differences of these three systems, and also, in the case of the histidine system, the 
conditions under which the enzymes were assayed. In the 6-galactosidase system, 
mutants in the z gene with high levels of permease might be inhibited by lactose 
which would accumulate within these cells in large quantities, thus preventing the 
recovery of such mutants in the usual mutant isolation procedures. This problem 
has not been a factor in the isolation of L-arabinose negative, ribulokinaseless 
mutants producing high levels of isomerase and epimerase, since the L-arabinose 
permease gene is unlinked to the threonine, arabinose, leucine region of the chro- 
mosome, and the permease levels are not affected to any great extent by mutation 
in this structural gene.*® In the histidine system, mutants containing high levels 
of enzyme due to mutation in one structural gene would accumulate large con- 
centrations of intermediates in histidine biosynthesis which might inhibit growth 
and prevent their isolation. Whether such mutants are present or not might also 
be obscured by assays for the enzymes concerned under conditions of repression." 
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In normal circumstances the maximum rate of enzyme synthesis may be governed 
by repressor concentrations. 

The evidence presented so far precludes the possibility that the dual effect 
caused by a mutation in one structural gene is due to the production or lack of 
production of a particular cytoplasmic product (repressor, inhibitor, inducer, or ac- 
tivator) affecting the phenotypic expression of the other genes concerned. It is also 
apparent that the results presented are not compatible with a model which pre- 
dicts that the kinase structural gene, for instance, produces a polypeptide which 
is shared by both kinase, isomerase, and epimerase. Such a model would not 
explain the effect of such mutations in causing coordinate changes in rates of 
synthesis of wild-type enzymes. Also the absence of any immunological cross 
reactivity of the isomerase and kinase places further doubt on such a model. 

The dual effect can best be explained, at present, on the basis of a model that 
predicts that the coding of the structural gene in a “genetic unit of coordinate 
expression” controls directly the rate of synthesis of an enzyme for which it itself 
bears structural information as well as for the rate of synthesis of the other enzymes 
involved. Mutation in structural genes affecting rates of protein synthesis have 
been previously postulated'® to explain certain cases of abnormal hemoglobins. 
The controlled coordinate synthesis of the three enzymes in L-arabinose metab- 
olism can be achieved by the transcription of a large messenger RNA (mRNA) 
produced in a polar fashion beginning at one end of the kinase structural gene 
(toward the leucine marker) and copying in a sequential manner the B, A, and D 
genes. This completed intact message would then be translated by the soluble 
RNA-activating enzymes-ribosome complex into the three enzymes. This model 
is similar to one proposed by Jacob and Monod" for the lactose operon. The DNA 
code of one structural gene may determine the rate of synthesis of several enzymes 
by its effect on at least three factors in protein synthesis. (1) The DNA code may 
affect the efficiency of transcription of this large genetic unit of DNA by the DNA- 
dependent RNA polymerase. (2) The mRNA code in turn may determine the 
stability of the mRNA. (3) The mRNA code may determine the efficiency of the 
translation of mRNA into protein.'"* Since ribosomes have an apparent stabilizing 
effect on mRNA, factors 2 and 3 are obviously related. Changes in the code due to 
mutation therefore could result in increases, decreases, or perhaps have no effect 
at all on the rate of synthesis of the protein involved. Neither of these three 
parameters involved in protein synthesis can be eliminated a priori as playing a 
role in the dual effect and obviously they are not mutually exclusive. 

Since the rate of enzyme synthesis and structure of an enzyme may be thus 
intimately related, selection may result in a compromise between maximum rate 
of enzyme synthesis (which may not be optimum for growth) and the properties of 
the enzyme as a catalyst. It might be possible on the basis of this hypothesis to 
have alterations in the code of a structural gene which would result in increased or 
decreased rates of synthesis of an enzyme complex, like the L-arabinose one, with- 
out affecting the enzymatic activity of the kinase. This model also allows for the 
synthesis of different amounts of enzymes produced by one large multicistronic 
message. 

With the determination that the mutant alleles of the C gene that have so far 
been characterized do not function as o° mutants, this gene-enzyme complex of 
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isomerase, kinase, and epimerase, although acting as a “genetic unit of coordinate 
expression,”’ is left without a ‘classical’ operator locus, and therefore cannot be 
considered as an operon sensu stricto. However, since mutant sites such as ara-14, 
ara-55, ara-25, and ara-27 are operator-like mutants (0°) having very reduced levels 
of the three enzymes, there may not be a real distinction between the o°-type 
mutants which occur at the beginning of an operon and the other mutants within 
the B gene which we have mentioned.'® The findings that the operator locus of 
the  -galactosidase operon probably contains structural information for this 
enzyme'! further supports this contention. 

Summary and Conclusions.—Mutations located at different sites in the 
L-ribulokinase structural gene cause coordinated increases or decreases in the syn- 
theses of L-arabinose isomerase, L-ribulose 5-phosphate 4-epimerase, and L-rib- 
ulokinase CRM. The possibility of this dual function of a structural gene being 
‘aused by altered enzymes, altered internal concentration of L-arabinose and ecyto- 
plasmic inhibitors, repressors, activators, or inducers all appear to have been ruled 
out. It thus appears that the rate of enzyme synthesis is not solely determined 
by regulatory genes of the 7 type but the coding of the structural gene may set the 
limits in the rates of synthesis of one or more enzymes specified in a “genetic unit 
of coordinate expression.” 
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CHEMOAFFINITY IN THE ORDERLY GROWTH OF NERVE 
FIBER PATTERNS AND CONNECTIONS* 


By R. W. Sperry 
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY 
Communicated July 29, 1963 


In early observations on the outgrowth and termination of nerve fibers, it ap- 
peared that different fiber types must be guided to their respective end organs and 
other connection sites by selective chemical or electrical forces. Explanatory terms 
like chemotaxis, chemotropism, galvanotaxis, and neurotropism were commonly 
employed by Cajal’ and others early in the century. These selectivity concepts 
later came under attack, especially during the 1930’s and 40’s when the application 
of more analytic experimental approaches to the mechanics of nerve growth seemed 
to rule out the presence of either chemical or electrical selectivity in favor of a 
predominantly mechanical interpretation.** ” 

The numerous examples of apparent selectivity described earlier, as well as the 
developmental patterning of the central nerve tracts and fiber systems in general, 
we came to believe, were more properly and correctly explained on a mechanical 
basis, particularly in terms of the orienting effects of mechanical stresses on tissue 
ultrastructures and the resultant formation of submicroscopic systems of mechanical 
guide lines in the colloidal matrix of the growing medium. 

At the height of this antiselectivity movement I was led, from evidence indirect 
and partly behavioral, to postulate again in 1939 a form of chemical selectivity in 
nerve growth even more extreme in some respects than in the earlier proposals. 
The hypothesis, '*~*4 in brief, suggested that the patterning of synaptic connections 
in the nerve centers, including those refined details of network organization hereto- 
fore ascribed mainly to functional molding in various forms, must be handled instead 
by the growth mechanism directly, independently of function, and with very strict 
selectivity governing synaptic formation from the beginning. The establishment 
and maintenance of synaptic associations were conceived to be regulated by highly 
specific cytochemical affinities that arise systematically among the different types 
of neurons involved via self-differentiation, induction through terminal contacts, 
and embryonic gradient effects. 

Coming at a time when “‘instinctive’’ was still a disreputable term in most scien- 
tific quarters, and when concepts of nerve growth were strongly dominated by the 
mechanical theory, this seemed a long shot at first and hardly less wild than some 
of the opposing interpretations of the day like the ‘resonance principle’’*: ** 
that it was proposed to replace. When tested experimentally, however, study after 
study through the 1940’s'*~**: ** yielded results that fit nicely. In brief, whenever 
central fiber systems were disconnected and transplanted or just scrambled by 
rough surgical section, regrowth always led to orderly functional recovery and under 
conditions that precluded re-educative adjustments. The functional outcome was 
always as if the scrambled fibers somehow unsorted themselves in regeneration and 
managed to “home in” on their original and proper central nerve terminals. 

It seemed a necessary conclusion from these results that the cells and fibers of the 
brain and cord must carry some kind of individual identification tags, presumably 
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cytochemical in nature, by which they are distinguished one from another almost, 
in many regions, to the level of the single neuron; and further, that the growing 
fibers are extremely particular when it comes to establishing synaptic connections, 
each axon linking only with certain neurons to which it becomes selectively at- 
tached by specific chemical affinities. 

This chemoaffinity theory included additional features such as the application 
of morphogenetic gradients in retinal, cutaneous, vestibular, and other systems to 
explain their orderly topographic projection and central representation, the pat- 
terning of central neurotization by peripheral induction, neuronal specification 
through synaptic contact, and related principles of growth and differentiation as 
applied to the specialized problems in the functional organization of neuronal con- 
nections in neurogenesis.2*~*° It carried previous conceptions of nerve specificity 
to a new order of refinement and put on a prefunctional chemical basis the ordering 
of the brain networks for inherited components in behavior. 

Taken as a whole, the scheme offered an explanation of the developmental pat- 
terning of central nervous organization that seemed to have distinct advantages 
over alternative concepts applied previously, like “disuse atrophy,” “neurobio- 
taxis,” ‘‘mechanical contact guidance,” ‘‘bioelectric fields,” “autonomous differ- 
entiation of resonance scores,” and “stimulogenous fibrillation.”” The chemo- 
affinity interpretation also fitted nicely with related developments in animal be- 
havior and ethology on the one hand, and in experimental embryology and genetics 
on the other to bring together a number of loose concepts into a systematic approach 
to the inheritance and development of behavior patterns. 

In spite of the attractions and the considerable supporting data, there have always 
been a number of persisting objections and gaps in the evidence to prevent our 
accepting the hypothesis completely. In the first place, we had never actually seen 
growing nerve fibers bypass a series of empty neuron slots to settle on their own 
proper terminals. This always had to be inferred indirectly, mainly from be- 
havioral evidence. Moreover, this same behavioral evidence could be accounted 
for in other terms without recourse to all the postulated chemical affinities and 
without the assumption of selective reconnection—by schemes involving certain 
physiological coding and resonance phenomena that could operate in randomized 
nerve nets. The “resonance principle” of Weiss,*?: ** which had remained for 
nearly 20 years the favored explanation of related phenomena produced by pe- 
ripheral nerve derangements, was just such a scheme in which the growth of synaptic 
connections was conceived to be completely nonselective, diffuse, and universal in 
downstream contacts. Nothing in the evidence, including the postregenerative 
mapping data from electrical®: and lesion?! studies on the optic tectum, could be 
considered critical in deciding between these alternatives; direct histological 
evidence was needed to settle the questions involved. 

The chemoaffinity interpretation also met objections on the grounds that there 
are not enough distinct chemical labels available in the embryo. The scheme re- 
quires literally millions, and possibly billions, of chemically differentiated neuron 
types, each distinguishable from all others on the same side of the midsagittal plane. 

Zach half of the nervous system is presumed to be a chemical mirror map of the 
other. This labeling problem, plus the further task of interconnecting in precise 
detail all the postulated millions of chemically specific neuron units into functionally 
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adaptive brain circuits, also seemed 
prohibitive from the standpoint of in- 
formation theory because of a supposed 
lack of enough “bits of information” 
within the zygote to handle all the de- 
velopmental decisions involved in build- 
ing a@ brain on this plan. 

Evidence obtained recently seems to 
provide a direct experimental answer to 
such objections. This has come in the 
past few years from histological studies 
started in 1958 on the optic system of 
fishes, in which I was joined in 1959- Fie. 1.—Diagrammatie reconstructions of 


1960 by Dr. Attardi,‘:° and in the past regeneration patterns formed in optic tracts and 


tectum by fibers originating in different retinal 
yr, y e re ¢ 1, 2 bed . . 
ee and a half by Dr. Arora. In halves, as indicated (after Attardi and Sperry*®). 
brief, we think we have finally man- 


aged to demonstrate quite directly by histological methods the postulated selectivity 
in nerve growth and synaptic formation. The new evidence shows that fibers aris- 
ing from different parts of the retina preferentially select separate central path- 
ways as they grow into the brain, and that they eventually find, and connect 
with, specific predesignated target zones in the midbrain tectum. 

In these experiments, the main optic trunk was severed in a rough manner to 
enhance the inevitable scrambling among the hundreds of thousands of constituent 
fibers. The corresponding eye was then opened, and half of the retina was removed 
(as indicated in Figs. 1, 2, and 3) in order that the course and termination of the 
remaining fibers from the intact half-retina might be differentiated histologically. 
A summary of the results from the different types of cases is presented in Figure 1. 
As shown in the diagrams, removal in separate cases of the top half of the retina, 
the bottom half, the front, the back, or the outer peripheral hemiretina resulted, re- 
spectively, in quite different and consistently distinctive regeneration patterns. 
At each of the successive forks in the system of trails leading back to their tectal 
destinations, the various fiber groups made different and correct choices. 

Of special interest are those cases in which the regenerating fibers, in order to 


Left Tectum 


Fig. 2.—Following ablation of temporal retina 
and optic nerve section, regenerating optic fibers Fic. 3.—Fibers from center of retina grow 
grow through extensive stretches of the semi- through denervated peripheral zone of tectum 
denervated anterior tectum, but form synaptic without establishing plexiform layer and synap- 
layer and connections only in posterior tectum. tic connections until they reach central zone. 
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reach their own synaptic zones, were obliged to first grow through and across non- 
terminal sectors of optic tectum. This was true when the posterior half-retina was 
removed, and the fibers from the anterior hemiretina, particularly those of the 
medial tract, had to cross large stretches of the partially denervated anterior half 
of the tectum without forming synaptic linkages (lig. 2). In this situation the 
regenerated fibers remained in the superficial parallel layer and coursed straight 
through without branching or synapsis to bypass the whole population of potential 
terminal neurons that lay empty and readily accessible all through the front half 
of the tectum. 

Something similar occurred when the peripheral part of the retina was removed 
(Fig. 3). In these cases, all the regenerating fibers, in order to reach their proper 
synaptic zones in the center of the tectum, were obliged to grow from the outer 
tectal border across the denervated peripheral zone. Here again they remained 
confined to the superficial parallel layer passing straight through without synapsis. 
Only within the central zone of the tectum did these fibers from the central retina 
ramify and form the deeper synaptic layer. 

It is evident that optic fibers advancing along the same central channels grew 
very differently depending on their retinal origins. On reaching a given point in 
the peripheral tectum, for example, one fiber type dipped centrally and ramified in 
the deeper plexiform layer to form connections among the neuronal elements of the 
immediate vicinity, whereas other fibers in the same position continued to grow 
right on through and beyond these same free, denervated neurons, bypassing them 
and many others for varying distances, until the fiber tips reached the appropriate 
tectal zone that matched their retinal origin. With the mechanical conditions of 
the growing medium identical for these different fiber types, and with other factors 
like timing, rate of growth, and functional feedback seemingly eliminated,?!: ?%: 24 
the systematic variance in the course and termination seems most reasonably ex- 
plained on the basis of specific chemoaffinities between the different optic fibers and 
the elements encountered in growth. Studies still in progress show that, when the 
main medial and lateral tracts in these fish are freed and surgically interchanged in 
the brain where they approach the tectum, the displaced fiber bundles promptly 
recross in growth to regain their proper channels.? Fiber bundles, deflected still 
farther centrally at the edge or within the tectum, tend to form new short-cut 
pathways in the parallel layer oriented in a direction in which no optic fibers would 
ordinarily grow in the given region.! We also find that fibers from neighboring 
points in the retina tend to segregate at the first opportunity within the nerve scar 
and may remain thus segregated through the chiasma and all the way to the tectum. 

It is apparent from the results that not only the synaptic terminals, but also in 
these fishes the route by which the growing optic fibers reach those terminals, is 
selectively determined, presumably on the basis of similar or identical chemoaffinity 
factors. From direct observation and photography of living nerve fibers,” it is 
known that, as the growing tip advances, it continuously sends out a spray or flare 
of rapidly elongating and retracting microfilaments that extend outward into the 
surrounding front in all possible directions (Fig. 4). The above evidence suggests 
that factors more chemical than mechanical determine which of the various micro- 
filament probes will preponderate at each point to set the course of growth. The 
results lead us to what is essentially a chemotactic view of nerve outgrowth, though 
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without the “distance action” imputed in some definitions of chemotaxis. The 
general principle of contact guidance is assumed to apply here as it always has in 
any chemical, electrical, or mechanical theory of nerve growth since about 1913 
when Harrison made it clear that nerve fibers are able to grow only in contact with 
surfaces, never freely into or across fluid spaces.'* 

There remains the problem of explaining the topographic plan inherent in the 
“homing behavior” of the optic fibers that is responsible for the neat maplike pro- 
jection that is laid down among retino-tectal connections. For this, I still go back 


Fic. 4.—Schematic representation of sequential 
steps in chemotactic guidance of a growing nerve 
fiber. A'spreading flare of microfilaments constantly 
reaches out in front of the advancing fiber tip testing 
the surroundings in all directions. The critical fac- 
tors determining which microfilaments will prevail to 
set the course of growth would appear from present 
evidence to be mainly chemical. Numerous alter- 
native possible paths, as represented at A, B, and C, 
are open and mechanically feasible at each point 
but fail to develop because of differential chemical 
attraction. 


to my initial interpretation'®: ** proposing an orderly cytochemical mapping in 
terms of two or more gradients of embryonic differentiation that spread across and 
through each other with their axes roughly perpendicular. These separate gradients 
successively superimposed on the retinal and tectal fields and surroundings would 
stamp each cell with its appropriate latitude and longitude expressed in a kind of 
chemical code with matching values between the retinal and tectal maps. The 
inversion of the retinal map on the tectum suggests complementary relations in the 
aifinity forces involved in linking corresponding points in the two fields. Similar 
inversions in other systems point to general use of complemental gradient values in 
synapsis. The same set of cytochemical factors extended from the ganglion cells 
of the retina into the microfilament flare at the tip of the growing optic axons and 
also stamped on the optic pathways could be utilized for guiding the respective 
fiber types into their separate proper channels at each of the numerous forks or 
decision points which they encounter as they make their way back through what 
essentially amounts to a multiple Y-maze of possible pathways. The final course 
laid down by any given fiber reflects the history of a continuous series of decisions 
based on differential affinities between the various advance filaments that probe the 
surroundings ahead and the diverse elements that each encounters. 

Prediction that the nasotemporal (anteroposterior) gradient might be shown to be 
fixed separately and prior to the dorsoventral gradient,?! has since been confirmed 
in the experiments of Székely*! and Stone.*® These and other embryological 
studies with correlated electrical analyses by Gaze" and his associates give further 
credence to the gradient interpretation. Apparent discrepancies in the recent 
report of Burgen and Grafstein® are instructive regarding the dynamics of gradient 
organization, but require no change in the basic hypothesis. We have been able to 
show in behavioral studies that the discrimination of color and brightness, like the 
perception of directionality and spatial factors in vision, also undergoes an orderly 
restoration in optic nerve regeneration.* This means that additional specification 
of the optic fibers is required to assure the appropriate tectal linkages for the differ- 
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ent types of color and luminosity fibers. ‘The same would seem to be true for the 
“on,” “off,” and “on-off” classes of optic fibers in order to explain the observed 
orderly recovery of optokinetic responses and of learned pattern discriminations. 
Those familiar primarily with the visual system of man or other mammals may 
see objections in the foregoing interpretation. The partial crossing of fibers in the 
mammalian chiasma gives diffi- 

culty; and worse, the fact that 

the nasal half-retina of one eye 

terminates in close register with 

ene erry the temporal half-retina of the 


a “ 
‘elds Dy other eye in primates may look 
(a 


ie oe oe at first like a direct contradic- 
/ 7], . . 
aN a 


tion. Actually, with the in- 
corporation of certain minor 
RE Chiewme 7 developments that we assume 
9 14 must have taken place in the 
course of evolution, the same 
gradient hypothesis works 
nicely also for the mammals, 

Fig. 5.—Schematic diagram indicating possible applica- — ; “+: ae TOS 
tion of chemoaffinity interpretation to genesis of mam- including man. First, we must 
malian visual system (see text). Axial labeling of gradi- postulate that fibers from the 
ents for brain centers is highly tentative as the effective i i 
embryonic gradients underlying their topographic differen- temporal pole of the retina and 
tiation remain uncertain. D-V: dorsoventral gradient; gradually from the whole tem- 
N-T: nasotemporal; R-C: rostrocaudal. . ss 

poral half-field have evolved a 
lateral growth affinity that prevents their crossing in the chiasma region. Secondly, 
keeping the dorsoventral axis as before to mark latitude in the retinal field, we may 
postulate that in mammalian evolution the nasotemporal gradient came to be re- 
placed by the radial gradient for topographic labeling. This would give the re- 
quired cytochemical correspondence for functionally identical points in nasal and 
temporal half-fields (see Fig. 5); it would also leave the differential nasal-temporal 
and analogous matching properties in the centers for determining decussation, 
laterality, layered projection, and related features of the mammalian system as- 
sociated with stereoscopic vision and retinal rivalry, that in themselves have always 
been puzzling from the standpoint of neurogenesis. At present the possibility 
cannot be excluded that the decussation patterns in the optic chiasma are de- 
termined mechanically in development in combination with rate and timing of 
fiber ingrowth. However, previous attempts to explain chiasma formation on a 
mechanical basis* have run into difficulties that appear to be more easily resolved 
on the chemoaffinity plan. 

There is reason to think, from the evidence available,’® ?°-* * that the above 
principles, as outlined here for the visual system, apply to the patterning of path- 
ways and connections in the vertebrate nervous system in general, though it is to be 
expected that their manifestation will be found to vary in form and degree in differ- 
ent species and in different parts of the system. A considerable backlog of sup- 
porting observations suggestive of chemotaxis has accumulated during the last two 
decades, but has not been emphasized owing to the prevailing unpopularity of 
anything suggestive of neurotropism and chemical guidance. With the demonstra- 


Lateral ws 
geniculate 7 NraTTN 
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tion of chemotactic regrowth in the optic system leaving little room for further doubt 
of the selectivity effects,‘ the way seems cleared for retrospective reassessment of 
some of the earlier observations with an increased recognition of the importance of 
selective chemoaflinity in nerve growth and connection in general. '* 

Extension of chemoaffinity concepts to the growth of fiber patterns and connec- 
tions in the peripheral nervous system may require brief comment at this point, 
since it is in reference to peripheral nerve growth and regeneration that the strongest 
evidence has been gathered in support of earlier impressions that nerve outgrowth 
and termination are basically nonselective. Furthermore, many of the observa- 
tions indicating absence of selectivity in peripheral nerve regeneration remain in 
good standing.'!: *-* On the other hand, there are exceptions where peripheral 
innervation is clearly selective, and other cases where it appears to be more selective 
than not.!!: }?. 22. 23 Though it must thus remain for the present partly a matter 
of emphasis, it may nevertheless be worthwhile to caution here that, in the changing 
total picture as we now see it, the established examples of indiscriminate nerve 
outgrowth and termination begin to look more and more as if they might represent 
the exceptions rather than the general rule. 


* The work was supported by a U.S. Public Health Service grant (M3372) and the F. P. Hixon 
fund of the California Institute of Technology. A shortened version of the material was presented 
at the annual meeting of the American Association of Anatomists in Washington, D.C., April 
1963. 
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ROLE OF AN UNIDENTIFIED FACTOR INVOLVED IN ELECTRON 
TRANSPORT IN MYCOBACTERIUM PHLEI* 


By Morton M. WexBer Anp Gioria Rosso 
DEPARTMENT OF MICROBIOLOGY, SAINT LOUIS UNIVERSITY SCHOOL OF MEDICINE 
Communicated by Edward A. Doisy, July 22, 1963 


The particulate cyanide-sensitive cytochrome-linked NADH oxidase of M. phlei 
was inactivated by light at 360 mu, and 50-70 per cent of activity could be restored 
by vitamin Kj;2).!__ Isooctane extraction of the particles by a modification? of the 
method of Nason and Lehman® also appreciably lowered oxidase activity which was 
completely restored by Ki,2). Various homologues of vitamins K, and Kz were 
tested on particles which were exposed to light or extracted with isooctane.‘ It 
was found that both K; and K, compounds with side chains of 15 or more carbons, on 
the 3 position of the naphthoquinone nucleus, restored cyanide-sensitive activity to 
isooctane-extracted particles. With particles exposed to light, however, there was 
decreasing restoration of activity as the side chain was increased above 20 carbon 
units. 

The naturally occurring naphthoquinone which was isolated from these particles 
was identified as a vitamin Ko;45).2. This compound completely restored activity 
to particles extracted with isooctane, but only 20-25 per cent of the activity to par- 
ticles exposed to light. It was therefore highly suggestive that light inactivated 
another component, in addition to the naphthoquinone, necessary for the oxidation 
of NADH, and that isooctane did not extract this component.’ 

This communication presents direct evidence for the presence of a second light- 
sensitive component (factor) involved in electron transport in M. phlei. In addi- 
tion, it will be shown that this factor also restores NADH oxidase activity to elec- 
tron transport particles, the activity of which has been lowered by aging. 

Materials and Methods.._F MN, F AD, pyridoxal phosphate, and the sodium salt of 
8-NADH were obtained from Sigma Chemical Company. The 5,6-dimethylbenzi- 
midazolyl cobamide coenzyme was kindly supplied by Dr. D. Perlman of the Squibb 
Institute for Medical Research. Vitamin Kj,29), as the oil, was obtained from Merck 
and Company, and synthetic crystalline Ko 45) was generously supplied by Dr. O. 
Isler, F. Hoffmann-La Roche and Company. 

The naturally occurring 7. phlei naphthoquinone was isolated from the particles 
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as previously reported.? The naphthoquinone was emulsified in Tween 80 to a final 
concentration of 10mM. Because of its inhibitory effect on the oxidase, the final 
concentration of Tween 80 was not allowed to exceed 0.75%. 

In reaction mixtures containing vitamin Kj ,2), Kecs), or the 17. phlei naphtho- 
quinone, the particles were incubated with the naphthoquinone and 0.02 ml of 95% 
ethanol for 5 min prior to adjusting the volume to 3.0 ml with buffer and starting 
the reaction by the addition of NADH. The ethanol presumably increases the rela- 
tive solubility of the naphthoquinones in the particles.‘ In reaction mixtures which 
contained no added naphthoquinone, ethanol was not used because it denatured the 
particles when added prior to adjusting the volume to 3.0 ml. Previous experi- 
ments‘ indicated that there was no effect on NADH oxidase activity if 0.02 ml 
ethanol was added after the volume in the reaction mixture was adjusted to 2.98 ml. 

Clostridium ferredoxin and spinach photosynthetic pyridine nucleotide reductase 
(PPNR) were kindly supplied by Drs. H. Gest and A. San Pietro, respectively. A 
chromogenic fluorescent peptide from Azotobacter vinelandii® was kindly supplied by 
Dr. W. A. Bulen. 

The particles were obtained from sonically disrupted organisms by centrifuging 
the previously clarified extract at 105,000 & g by the methods described.) 7 Un- 
less otherwise indicated in the text, the particles, which were washed twice with 
Tris-KCI, were stored at —20°C as a gelatinous pellet for weeks before suspension 
in Tris-KCl for use. Protein was estimated by the method of Lowry ef al.® 

NADH oxidase activity was measured by a decrease in absorbancy at 340 my 
with a Zeiss PMQII spectrophotometer. All reactions were started by the addition 
of NADH, and the first reading was made 15 seconds after mixing (zero time). 
Particles were exposed to light at 360 mu with a Gates Raymaster lamp Model B 
(intensity not determined) or extracted with isooctane as previously described." * 

Results.—E ffect of naphthoquinones on NADH oxidation by isooctane-extracted and 
light-exposed particles: The hypothesis that a second light-sensitive component, 
not extractable by isooctane, may be involved in the electron transport pathway of 
M. phlei was tested. As shown in Table 1, experiment 1, the oxidation of NADH in 


TABLE 1 


KrFECT OF NAPHTHOQUINONES ON THE OXIDATION OF NADH 1n IsooctTaANe-EXTRACTED AND 
Licur-Exposep ParTIcLes* 
Per Cent Reactivation of NADH Oxidation 
Isooctane- Light-ex posed, 


Experiment Naphthoquinone Light- Tsooctane- extracted, then then isooctane- 
no. added exposed extracted light-exposed extracted 


] Kj ,20) 62 100 57 ae 

M., phlei 21 90 19 _— 

2 K) ,20) 61 100 60 70 

Ko 45) 11 100 19 23 
* All reaction mixtures, 3.0 ml total volume, contained 0.5 mmole of phosphate (pH 8), 0.17 mg of particle pro- 
tein, and 0.3 umole of naphthoquinone. Particles were exposed to light at 360 my for 20 min at 0°C, and extracted 
with isooctane as indicated in Methods. Particles were incubated for 5 min with naphthoquinone and 0.02 ml of 
95% ethanol. Controls on nontreated particles, not indicated here, contained the above mixture. All reactions 

were started by the addition of 0.4 wmole of NADH, 


particles exposed to light was restored by 62 per cent with Kyo, and only by 21 per 
cent with M. phlei naphthoquinone. In particles extracted with isooctane, how- 
ever, both naphthoquinones almost completely reactivated the system. If the 


isooctane-extracted particles were subsequently exposed to light, the naphtho- 
quinones restored activity to the levels observed when the only treatment was ex- 
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posure to light. Similar results were obtained (experiment 2) using synthetic 
crystalline vitamin Kos). It was concluded therefore that isooctane extracted the 
naphthoquinone from the particles, and that light inactivated a second factor neces- 
sary for maximum reactivation by the M. phlet naphthoquinone. The fact that 
vitamin IX; was not found in this organism? and that Kj.) appreciably reactivated 
the system suggested that it may act, as indicated in Figure 1, in a system not in- 


c 
NADH £.4/0PROTEWN FACTOR | M PHLE! ____ CYTOCHROME--CYTOCHROME--~CYTOCHROME—-O, —~H 0 
IL JNAPHTHOQUINONE . : aes e 2 
Cc ° 3 
¢ 


———eE——EE — -_ 
VITAMIN *) (20) 


Fic. 1.—Suggested pathway of electron transport in M. phlei, and a possible alternate pathway 
involving vitamin K) (29). 


volved on the direct pathway of electron transport. If, however, the other com- 
ponent was present, it may reactivate completely. 

Effect of various light-sensitive compounds on restoration of oxidase activity in light- 
exposed particles: Compounds which are known to be sensitive to light were tested 
in an assay system consisting of particles exposed to light and J/. phlei naphtho- 
quinone. FAD, FMN, pyridoxal phosphate, dimethylbenzimidazolyl cobamide 
coenzyme, 2-amino-4, 7-dihydroxy-6-methyl pteridine, 2-amino-6, 7-dimethyl-4- 
hydroxypteridine, tetrahydro-2-amino-4-hydroxy-6, 7-dimethy! pteridine, and the 
light-sensitive chromogenic fluorescent peptide from Azotobacter vinelandii® did not 
increase the rate of NADH oxidation over that observed with the M. phlei naph- 
thoquinone alone. 

Effect of ferredoxin: Since the particles contained one third of their total iron 
as nonheme iron,‘ it was speculated that ferredoxin might be the second light-sensi- 
tive component. However, neither PPNR, believed to be similar to ferredoxin, nor 
Clostridium ferredoxin increased the rate of NADH oxidation in light-exposed 
particles in the presence of M. phlei naphthoquinone. 

Isolation of an active cell fraction (factor): On the basis of a possible specificity 
of ferredoxin, the procedure of San Pietro and Lang’ for the isolation of PPNR was 
used. The starting material in this case was an acetone powder of M. phlei cells. 
(The acetone-soluble material was used to isolate the M. phlei naphthoquinone.) 
Approximately 10 gm of powder were extracted by grinding, in the cold, for 30 
min with 10 volumes of 0.05 M Tris-HCI buffer, pH 8. The preparation was cen- 
trifuged at 21,000 X g for 20 min at 4°C, and the residue was discarded. The clear 
yellow-green supernatant fluid was decanted into a beaker immersed in an ice bath. 
The bath was placed on a magnetic stirrer, and acetone, previously chilled in the 
deep freeze, was slowly added, while stirring, to a final concentration of 35 per cent. 
If the preparation, at this stage, contained a precipitate, it was centrifuged at 
1,000 X g for 5 min, and the precipitate was discarded. The supernatant fluid was 
adjusted to a final concentration of 75 per cent acetone by the slow addition of pre- 
viously chilled acetone with constant stirring in an ice bath. The precipitate was 
separated by centrifugation at 1,000 X g for 5 min, and the supernatant fluid was 
discarded. The precipitate was dissolved in a minimum of 0.005 M Tris, pH 8, and 
centrifuged at 18,000 X g for 20 min. The resultant residue was discarded, and the 
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supernatant fluid was assayed. This fraction, although not pure, is referred to as 
“factor” (F). 

Effect of factor and M. phlei naphthoquinone on the oxidation of NADH: The 
effect of this factor on the particulate NADH oxidase is indicated in Figure 2. As 
can be seen in Figure 2A, in untreated particles, the addition of the factor or VW. 
phlei naphthoquinone to the particles did not increase the rate of oxidase activity. 
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Fig. 2.—Effect of M. phlei naphthoquinone (K) and factor (F) on the oxidation of 
NADH in nontreated and light-exp¢ articles. All reaction mixtures, 3.0 ml total 
volume, contained 0.5 mmole of phosphate (pH 8), and, where indicated, 026 mg 
of particle protein, factor preparation (equivalent to 1.3 mg of protein), and 0.2 umole 
of naphthoquinone. The particles were incubated at 25°C for 5 min with naphtho- 
quinone and factor, and 0.02 ml of 95% ethanol was then added and incubated for 
an additional 5 min. Particles with factor were incubated for 10 min, and particles 
with no additions were incubated for 10 min with an equivalent amount of 0.005 M 
Tris (pH 8). In B, the particles were exposed to light at 360 mu for 20 min. A 
1-hr irradiation of the factor at 360 mu was used to prepare * light-exposed F.’’ Where 
noted, the factor was heated at 100°C for 2 min. All reactions were started by the 
addition of 0.4 umole of NADH. 


In fact, in this experiment, the naphthoquinone was slightly inhibitory. Addition 
of the factor plus naphthoquinone, however, increased the rate of the reaction. 
Negligible activity was observed if the factor and naphthoquinone were assayed in 
the absence of particles. Likewise, although not indicated here, the factor alone 
was devoid of oxidase activity. 

The results obtained with light-exposed particles are seen in Figure 2B. The 
M. phlei naphthoquinone restored approximately 25 per cent of the activity, whereas 
the factor alone did not increase activity over that observed with particles alone. 
However, combination of the factor and the naphthoquinone in the reaction mix- 
ture restored 50 per cent of the original activity. If the factor was exposed to light 
at 360 muy, it no longer stimulated oxidation in the presence of the naphthoquinone. 
In fact, some inhibition was noted. The factor was also inactivated by heating at 
100°C for 2 min, and the heated material appeared to cause an inhibition similar to 
that observed after light exposure. 

Effect of factor and vitamin Ky.) on the oxidation of NADH: The effect of vitamin 
K() and the factor on reactivation of light-exposed particles is illustrated in Figure 
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Fic. 3.—Effect of vitamin Ay.) and factor (F) on the oxidation of NADH in non- 
treated and light-exposed particles. All reaction mixtures and conditions were the 
same as in Fig. 2, except that 0.18 mg of particle protein and factor preparation (equiv- 
alent to 1.2 mg of protein) were used. Vitamin Kj.) was emploved instead of the 
M. phlei naphthoquinone. 


3. In nonlight-exposed particles (lig. 3A), neither Kyi) nor the factor stimu- 
lated activity. The combination of the factor plus Kyi), however, stimulated the 
rate of oxidation of NADH. Although not indicated in the figure, in the absence 
of particles, no oxidase activity was observed with the factor alone or with Ky(2) in 
this experiment. As seen in Figure 3B, with light-exposed particles, Ky.) alone 
restored 50 per cent activity, whereas the factor alone did not restore activity. 
The combination of the factor and Kyi.) restored activity almost to the control 
values in light-exposed particles. Exposure of the factor to light destroyed its 
stimulating effect in the presence of Kyi). In this case, however, there was no 
inhibition of the kind noted when the factor was exposed to light and the reaction 
was carried out in the presence of the 1/7. phlei naphthoquinone (Fig. 2B). 

Effect of factor on NADH oxidase activity of particles which were freshly resuspended 
and after freezing® overnight: It was found that this factor was extremely labile; 
subjecting it to —20°C overnight was sufficient to inactivate it appreciably. The 
lability of this factor and the cognizance of the lability of the particles themselves, 
resuspended in Tris-KCI and frozen overnight,‘ suggested that this labile factor 
might be the cause for the decreased activity exhibited by such particles during 
storage. An experiment to test this hypothesis is illustrated in Table 2. As can be 


TABLE 2 


Errecr oF Facror oN NADH Oxipase Activity IN PARTICLES WHICH WERE FRESHLY 
RESUSPENDED AND AFTER FREEZING OVERNIGHT* 
nn AAs per min X 10°—————— 
Particle preparation No Add + Factor 
Freshly resuspended 218 215 
Frozen overnight 160 213 
* Reaction mixtures, 3.0 ml total volume, contained 0.5 mmole of phosphate (pH 8), 0.26 mg of particle protein, 
and, where indicated, factor preparation (equivalent to 1.3 mg of protein). The particles were incubated with the 
factor, or an equivalent amount of 0.005 M Tris (pH 8) for 10 min at 25°C. The freshly resuspended particles 


were frozen overnight at — 20°C, thawed, and reassayed. Reactions were started by the addition of 0.4 umole of 
NADH. 
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seen, the addition of the factor to freshly resuspended particles did not increase the 
rate of oxidation of NADH. If these particles were frozen overnight, there was a 
reduction of 36 per cent in the rate of the reaction. The addition of freshly pre- 
pared factor fully restored activity to the level observed if the particles were freshly 
suspended. 

Effect of factor on NADH oxidase activity of particles which were freshly isolated 
and after freezing overnight: It has been demonstrated (lig. 2A) that M. phlei 
naphthoquinone or the factor alone did not increase the rate of NADH oxidase 
activity in particles which had been frozen for weeks as a gelatinous pellet and sub- 
sequently resuspended in Tris-KCI. It was of interest therefore to determine the 
effect of the factor and M/. phlei naphthoquinone on freshly isolated particles, and 
subsequently on the activity after freezing overnight. As can be observed in 
Table 3, addition of 17. phlei naphthoquinone to freshly isolated particles increased 


TABLE 


Errect oF M. phlei NAPHTHOQUINONE AND Factor ON NADH Oxipase Activity IN PARTICLES 
Waich Were FRESHLY ISOLATED AND AFTER FREEZING OVERNIGHT* 
-~—AAw per min X 104 ~--———- 
; + M. phlei 
Particle + M. phlei Naphthoquinone 
preparation No Add Naphthoquinone + Factor + Factor 


Freshly isolated ISS 273 197 260 
wee 


Frozen overnight 182 187 193 275 
* All reaction mixtures, 3.0 mil total volume, contained 0.5 mmole of phosphate (pH 8), 0.16 mg of particle 
protein, and, where indicated, 0.2 umole of naphthoquinone, and factor preparation (equivalent to 1.2 mg of pro- 
tein). The particles were incubated at 25°C for 5 min with naphthoquinone and factor, and 0.02 ml of 95% ethanol 
was then added and incubated for an additional 5 min. Particles with factor were incubated for 10 min, and par- 
ticles with no additions were incubated for 10 min with an equivalent amount of 0.005 M Tris (pH 8). The freshly 
isolated particles, which were suspended in Tris-KCl, were frozen overnight at —20°C, thawed, and reassayed. 


oxidase activity by 1.45-fold. The factor alone did not increase the rate of the 
reaction, and addition of the factor plus the naphthoquinone did not increase the 
activity above that observed with the naphthoquinone alone. Freezing these sus- 
pended particles overnight did not lower oxidase activity, but eliminated the stimu- 
lation in rate by the naphthoquinone. Addition of the factor alone to the particles 
did not increase the rate of NADH oxidation. However, addition of naphthoqui- 
none and the factor to the particles restored the stimulatory effect of the naphtho- 
quinone as observed when the particles were freshly isolated. 

Discussion.—The results presented in this paper and in a preliminary communi- 
cation’ indicated that, in addition to the naturally occurring naphthoquinone, at 
least one additional factor is necessary for restoration of oxidation of NADH in 
electron transport particles of 17. phlei inactivated by light at 360 mu. 

In a previous investigation,? the M/. phlei naphthoquinone isolated from the par- 
ticles was identified as a vitamin K25). Recently Gale et al.!° reported that the 
compound isolated from whole cells and identified by nuclear magnetic resonance 
was a Kos) with one of the isoprenoid units saturated. In this paper therefore 
we have referred to the compound as J. phlei naphthoquinone until confirmation of 
its structure can be made. 

The lability of the factor has impeded further work on its purification and ulti- 
mate identification. The question, of course, is whether the factor is indeed a pro- 
tein. Preliminary experiments with trypsin have been equivocal. As the particles 
themselves are sensitive to proteolytic enzymes, technical difficulties involving pro- 
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teolytic enzymes preclude the use of enzymes, the activities of which cannot be con- 
trolled with inhibitors (i.e., soy bean trypsin inhibitor). 

It is a paradox that only 50 per cent restoration of light-inactivated NADH oxi- 
dase activity was achieved with the factor and AZ. phlei naphthoquinone, whereas 
virtually full reactivation was obtained with the factor and vitamin K,@). It should 
be noted that exposure of the factor to light led to inhibition of the reactivation by 
the A/. phlei naphthoquinone (Fig. 2B), while not affecting the reactivation by 
Kivi) (Pig. 3B). This observation suggests that it may not be possible to reactivate 
completely the light-exposed particles with the 1. phlei naphthoquinone and factor. 
During light treatment of the particles, the irradiation products of the factor formed 
in the particles might be inhibitory to reactivation by the naturally occurring naph- 
thoquinone. It was noted earlier that vitamin Ki) might act in a system not 
involved on the direct pathway of electron transport, but from the results described 
in this paper it appears more likely that it does act directly on the main pathway. 
It also seems probable that all of the homologues of vitamins K, and K, with side 
chains of 15 carbon atoms or more on the 3 position of the naphthoquinone nucleus 
would also restore activity to light-exposed particles if supplemented with the factor. 

The ability of the factor to reactivate particles which have appreciably lost the 
‘apacity to oxidize NADH (Table 2) suggests that the factor is labile, is located in 
the particles, and may be an integral part of the electron transport chain. More 
conclusive proof will require isolation of the factor from the particles. 

The increased activity observed on addition of 4/. phlei naphthoquinone to 
freshly isolated particles (Table 3) suggests that the unknown factor is present in 
excess in the particles and is inactivated on aging. 

Although the procedure for isolation of the factor was similar to that used for 
PPNR, it is highly doubtful that the /. phlei factor is a nonheme iron protein simi- 
lar to ferredoxin. Crude preparations of the factor show absorption maxima at 260 
and 422 my. Although perhaps not a valid comparison because of the impure 
nature of the factor, the observed absorption maxima do not correspond to that 
observed for ferredoxin! and PPNR.!? 

Summary.—A cell fraction (factor) was obtained from 1. phlei cells which, in the 
presence of M. phlei naphthoquinone or vitamin Kj»), restored NADH _ oxidase 
activity to light-exposed particles. 

The factor was labile to storage in the cold, and was inactivated by heating or 
exposure to light at 360 my. It completely restored NADH oxidase activity to 
aged electron transport particles. Evidence was presented which suggests that the 
factor is an integral part of the electron transport chain in particles of M. phlet. 


The authors are indebted to Miss Sandra McGlasson for excellent technical assistance. 
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ON THE ROLE OF INTEGRITY OF DNA PARTICLES IN 
GENETIC RECOMBINATION DURING PNEUMOCOCCAL 
TRANSFORM ATION* 


By J. L. Kent, M. Rocer, anp R. D. Horcukiss 
THE ROCKEFELLER INSTITUTE 
Communicated July 22, 1963 


The bacterial transformations are especially appropriate for studying molecular 
events involved in genetic recombination because the two components, cells and 
chemically purified DNA, may be modified independently before entering into the 
reaction. In the experiments reported here, a three-marker linkage group bearing 
streptomycin and sulfonamide resistance in Pneumococcus is used to evaluate the 
structural requirements for the marked regions of DNA to undergo recombination 
with recipient cells. A kinetic technique has been developed! which serves to 
demonstrate and quantitate genetic linkage in a three-factor cross. 

With this system, recombination frequencies have been examined as a function 
of the state of the DNA or of the cells. Localized changes of primary structure in 
thermally degraded DNA are interpreted to increase the frequency of genetic re- 
combination at or near those sites. On the other hand, collapse of secondary struc- . 
ture of DNA by thermal denaturation?~‘ has a relatively minor effect on linkage 
frequency in DNA preparations of good quality, even though the biological activ- 
ity of such samples is reduced by over 95% and those particles retaining activity 
are themselves denatured.‘ Since recombination frequencies depend on the tem- 
perature at which competent cells are exposed to DNA,> the recombination seems 
to be related to metabolic functions of the cell. 

Materials and Methods.—Experiments were performed with the wild-type R; (+++) strain of 
Diplococcus pneumoniae, a single colony derivative of Rs, and with drug-resistant variants to 
streptomycin (8), micrococcin (K), and sulfonamide (a+, d, ad) obtained as previousiy described.* 
The viable unit averages four discrete cells on the basis of microscopic counts in a Petroff-Hausser 
chamber. DNA was prepared by the chloroform-isoamy] alcohol method’ with 3—6 deproteiniza- 
tion cycles for a given preparation. The native DNA content of a purified sample was estimated 
from the degree of hyperchromicity at 260 my,’ and the quality of the preparation judged by com- 
paring its maximal biological yield to that of other well-characterized preparations. ® 

For transformation, cells were grown to competence in supplemented enzymatic casein hydroly- 
sate medium (CH), synchronized,’ and frozen in glycerol as previously described.!! Thawed at 
0°C immediately before use, cells were concentrated after collection on Millipore filters of porosity 
0.45 w. After resuspension in CH medium supplemented with Ca** and bovine serum albumin,’ 
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the cells were preincubated for 15 min at 30°C before addition of DNA at zero time. At intervals 
thereafter, aliquots of the transformation mixture were removed to two volumes of meat-infusion 
broth® containing 75 ug/ml of deoxyribonuclease (Worthington 1X recrystallized) to destroy 
active DNA in solution. After 90 min at 37°C to.allow phenotypic expression, the transformants 
were selectively scored in the presence of appropriate drugs in liquid medium and antibody.* 
The selective scoring conditions were: S—150 yg/ml dihydrostreptomycin sulfate/ml; A—100 
mug micrococcin/ml; for the different classes of sulfonamide resistance, a+ in 15 yg p-amino- 
salicyclic acid/ml and 40 yg p-nitrobenzoic acid/ml, +d and ad (referred to as d) in 50 yg sul- 
fanilamide/ml, and ad in 250 wg sulfanilamide/ml. The sulfonamide resistance markers form part 
of a complex locus to which the S marker is linked in the unambiguous order Sad. The K 
marker is unlinked to the other three markers. 

Modification of DNA was performed by the methods of Roger and Hotchkiss.‘ For subcritical 
heat inactivation, DNA samples at 10 ug/ml in 0.14 M sodium chloride and 0.02 M phosphate 
buffered at pH 6.8 were heated at 85°C, followed by rapid chilling of treated aliquots. Critical 
heat inactivation was performed on aliquots diluted to 25 ug/ml in the same solvent and heated for 
15 min at the supracritical temperature of 95.5°C; for denaturation one aliquot was rapidly 
chilled in a pre-iced tube, and the other was renatured by cooling over about two hr to 25°C. 

The linear DNA concentration dependence of transformation yield in an otherwise constant 
system®.!!.!2 suggests that only one DNA particle is required to initiate irreversible transformation 
to one genetic marker. We have shown! that the linear accumulation of transformants (either 
singly-'! or multiply-marked) with duration of exposure to DNA may be similarly used to dem- 
onstrate that genetic linkage is due to the coexistence of several markers within one DNA particle. 
Linkage frequency is defined as the ratio of the linear rates of accumulation of double-to-single 

transformant classes. Two unlinked 
markers, such as S and K, accumu- 
late quadratically in time at a fre- 
quency very close to that calculated 
on the basis of independent, succes- 
sive interactions of one cell with the 
two DNA particles. ! 
Experimental Results.— 
Three-factor crosses: When a 
wild-type (+++) recipient is 
sod orSo+ transformed by an Sad-DNA, 
all of the transformant classes, 
as indicated above, accumulate 
linearly! from the time of addi- 
tion of DNA (Fig. 1). The 
rate of accumulation of the ad 
class is much greater than for 
the Sd class defining, respec- 
tively, 50 per cent and about 3 
Sd : : 
Sad per cent linkage relative to d. 
S ’ 
08 ® Yeon Both the Sd and the Sad cate- 
gories accumulate linearly, 
benesmneree which suggests that the S+d 


25. «30 minutes 
Duration of exposure to DNA class is also appearing as a re- 
Fic. 1.—The linear accumulation with time of multiply- sult of transformations initi- 
marked transformants to linked markers. A concentrated, ated by single particles marked 
competent (+-+-+) culture at 4 X 10’ viable count/ml y : giep i 
was exposed to 0.29 yg Sad-DNA/ml at 30°C. The Sad; this recombinant type, as 
markers are: S = streptomycin resistance; a+, d, estimated from the differential 


ad = different and phenotypically distinguishable markers : 
for resistance to sulfonamide. linear rate, constitutes about 


19> 3 
25x10°r 


Transformants/m! 
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A. A cross-over event re 
sulting ina Sa+ transformant. 


B. A cross-over event re- 
sulting ina Sad transformant. 


ad 


Cc. A more’ complex, or 
“multiswiteh,”’ cross-over 
event resulting in a S+d 
transformant of — different 
phenotype and genotype: 2 
alternatives. 


/ 


f exposure to DNA 


Fic. 2.—Diagrammatic 
representation of 
“switches” occurring dur- 
ing genetic recombination. 


Fic. 3.—Temperature dependence of proportion of com- 
plex to simpler recombinations. (+++) culture was 
diluted to 1 X 10° viable count/ml in medium at 30°C 
(A) or 37°C (B), containing 0.5 pg Sad-DNA/ml. Markers 
described in legend to Fig. 1. 


40° of all Sd transformants. This S+d genotype would result from a multiswitch 
recombinational event as diagrammed in Figure 2. Entirely parallel results were 
obtained for a different distribution of the same markers, in which the multiswitch 
transformant could be directly scored.' Equivalent exchanges have recently been 
reported for the B. subtilis transformation system by Nester ef al.'* The data on 
the pneumococcal system have been shown to reflect (single) genetic events within 
one division cycle rather than selection artifacts or segregation phenomena. ! 

Temperature dependence: When two aliquots of a freshly-grown competent 
(+++) culture are exposed to Sad-DNA either at 30°C or at 37°C, the linkage 
frequencies of Sa/S and of Sd/S are not affected significantly, but the multiswitch 
intramolecular events effectively disappear at 37°C, in that the yield of Sad now 
accounts very nearly for the total Sd yield (Fig. 3). Since the more complex events 
can be eliminated by changing the state of the ce!l population without altering that 
of the DNA preparation, it becomes impossible to attribute their occurrence ex- 
clusively to the particular physical state of a given DNA preparation. To inter- 
pret data obtained with degraded DNA samples, it is important to recognize this 
active role played by the cells. 

Subcritical heat inactivation: Assay of DNA samples which have been subjected 
to increasing degradation at subcritical temperatures reveals initial multihit damage 
followed by exponential inactivation for all single markers‘ and groups of markers 
(Figs. 4 and 5). The ultimate exponential rate of inactivation is related to the 
number of markers assayed in the transformants, but is independent of their genetic 
(and physical) relationship to one another. The single marker transformations to 
d and a+ are inactivated at an exponential rate only slightly slower than the single 
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S marker, but the logarithmic decay rate for all double-marker transformations is 
twice as great, whether these be for the unlinked pair SK, the loosely-linked pairs 
Sa+ and Sd, or the tightly-linked pair ad; the triple transformations to Sad are 
inactivated at very nearly three times the exponential rate of the constituent single 
markers. ox has observed similar differential inactivation of some marker 


- : - 

\rlars Hours ot 85° 
Fig. 4.—Subcritical heat inactivation of a multiply-marked SadK-DNA. Effects of thermal 
treatment denoted in abscissa were bioassayed on a concentrated, wild-type culture at 3 x 10? 


viable count/ml exposed to 0.02 yg SadK-DNA for 5 min at 30°C; this is in the linear response 
range. Markers are described under Fig. 1 with K as unlinked marker to micrococcin resistance. 


groups concomitant with P*? decay in labeled pneumococcal DNA." For the 
transformation experiment of Figure 5, in which the a allele is present in the re- 
cipient strain, equivalent rapid inactivation of multiple marker groups is obtained. 
This means that the ratio of Sad/Sd and of ad/d decreases with heating for the 
experiment of Figure 4 but increases in that of Figure 5. Although the linkage order 
is Sad, the inactivation of the Sd pair or its integration into the genome during trans- 
formation is apparently independent of the presence of a central a region. 
Critical heat denaturation and renaturation: The rapid critical inactivation of 
pheumococcal-transforming DNA at higher temperatures is accompanied by dena- 
turation of the marker particles. The altered DNA has lower activity than native 
materia] —. °n at saturating concentrations and cannot compete effectively with the 
latter, so chat its small activity is not due to a residual content of native material.‘ 
On suitable subsequent treatment at intermediate temperatures, however, the de- 
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m! 


Transformants 


Hour + AS 

Fig. 5.—Subcritical heat inactivation of a multiply-marked S+d-DNA. Experimental condi- 
tions are described in legend to Fig. 4. The recipient culture is (+a+), slightly resistant to 
sulfanilamide; note that ad represents a transformant to a single marker (d), since the a allele is 
present in the recipient. The exponential rate of inactivation is unusually rapid. 


natured sample can be partially renatured concomitant with a partial return of the 
secondary structure toward that of the native state.?: 

Extensive kinetic experiments on many independently denatured aliquots of 
several DNA preparations have shown that genetic linkage is not destroyed by 
denaturation. For example, 50 per cent ad/d linkage may be completely preserved* 
(Table 1). The more loosely linked pairs of markers involving streptomycin and 


TABLE 1 
LINKAGE FREQUENCIES IN DENATURED AND RENATURED Sad-DNA 
Heating 
experiment % d survival ad/d Sd/S Sad/S Sa+/8 
Unheated standard 
0 100 0.56 0.079 0.057 0.028 0 
Residual activity of denatured DNA 
0.41 0.02 0.01 0.008 @.! 
0.55 0.02 0.01 0.01 0.3 
0.56 0.048 0.020 0.020 0.4: 
Activity of same samples, renatured 
1 46 0.29 0.02 0.01 0.012 0.5 
2 33 0.2% 0.012 0.006 0.009 0.5 


Assays were performed on (+++) culture at 4 X 10’ viable count/ml exposed to 0.2 yg DNA/ml at 30°C. 
Each rate is based on 4—10 time points. Each experiment was performed after heating separate aliquots of the 
same DNA preparation. Experiment 0 represents a control in which the DNA has not been denatured. A ratio 
of less than unity for Sad/Sd indicates multiswitch recombinants (S + d). 
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sulfonamide resistance sur- 
vive denaturation imper- 
fectly and less reproducibly, 
but the linkage remains 
clearly demonstrable (lig. 
6). The multiswitch recom- 
binational events persist at 
a relative frequency near or 
slightly greater than for un- 
heated samples. When re- 
natured aliquots of these 
denatured samples are used 
in transformation, the link- 
age frequencies either re- 
main unchanged or decrease 
(Table 1); linkage is not in- 
creased although renatura- 


tion restores the maximal 
Fic. 6.—The linear accumulation of multiply-marked os : 
transformants from a heat-denatured DNA _ preparation. activity for single markers 
—_ are ee experiment eee a Fiance é to about 40° of the values 
eating 3; linkage between streptomycin and sulfonamide 
se is about 30° ¢ that of sins wabsneaed sample. forunheated samples. Mul- 
tiswitch — recombinational 


events still occur at near the control frequency. Thus, loss and partial restora- 
tion of secondary structure are not correlated with significant changes in linkage fre- 


'7 minutes 


quency. 
Further loss of linkage on renaturation of some samples may be due to subcritical 
inactivation during the slow cooling from elevated temperatures. Brief exposure a 
few degrees below the critical temperature does not alter the biological activity of a 
sample, but the markers, upon rapid chilling, become more susceptible than in 
unheated material to prolonged exposure 25°C below the critical value (Table 2). 
Annealed mixtures of genetically distinct DNA: After denaturation and renatura- 
tion of mixtures of genetically distinct DNA’s, the time course of accumulation of 
multiply-marked transformants should indicate whether new species of biologically 
active DNA particles have been formed. This experiment, first suggested by 
Marmur and Lane,’ had led to small increases in double marker incorporation in the 
Hemophilus transformation system.’ For the pneumococcal system, Marmur was 
unable to detect the formation of any new Jinkage groups.'® For a successfully 


TABLE 2 
Errect oF Stow CooLinG FROM ELEVATED TEMPERATURES ON BIOLOGICAL ACTIVITY 

—-Originally heated 15 min at 87°C-——~ ——Originally heated 15 min at 92.3°C—— 

DNA d per m ad per ml ad/d d per m ad per ml ad/ 

Unheated control 1.0 X 105 5.8 X 10! 0.58 . 6 7.2 X 10 0.60 

Heated and iced 9.4 X 10! 4.5 X 104 0.48 8 : 0.56 

Renatured, 65°C 

0.5 hr 7.0 X 104 3.9 X 10! 0.56 9. ‘ . 0.34 

1.5 hr 6.8 X 104 3.2 X 10° 0.47 2. 5. 0.24 

2.5 hr 6.4 X 10' 3.2 X 10! 0.50 2.8 ‘ 0.27 
The critical temperature for sulfonamide resistance markers is about 90°C under these conditions. Assays 


were performed by exposure of 6 X 10’ viable count/ml to 0.84 ue DNA/ml at 30°C for 30 min. One hr exposure 
to 65°C of untreated material causes a negligible loss of biological activity (<10%). 
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renatured mixture of S+d and K...a DNA, the 

data show quantitatively that no new species 

are formed in significant frequeney which simul- 

taneously carry the previously separate markers 

a and d (lig. 7); the quadratic pattern of ac- Jo od expected tor 

cumulation of ad transformants is similar to 

that of SK (unlinked) and Sa (loosely linked 

if present within one genome) types. Nor are 

mixed clones of transformants recovered which 

contain each of the two cell types a+ and +d. 

Positive results in this experiment would have 

suggested the formation of genetically hybrid a mawe 

entities, which participate as such in recom- | 3 oF separate renoturto 

bination, and would have given further insight ae 20 minutes 

into the molecular events occurring during de- yi ie sera 

naturation and renaturation of DNA. Fic. 7.—Time course of appearance 
; ; a ‘ of ad transformants after exposure to 

Discussion and Summary.—Maultiswitch in-  renatured mixtures of DNA (S+d 
tramolecular recombinational events in three- 29d K...a). Experiment was per- 
: . formed at 30°C on wild-type cells at 
factor crosses between cells and DNA particles 4 x 107 viable count/ml and DNA at a 
show little or no genetic interference, but their teta! final concentration of 0.4 g/ml 

(i.e., 0.2 pg/ml/DNA). The renatura- 
occurrence has been observed to depend on _ tion yield was 45% for both the S and 
the temperature at which competent cells are A markers relative to the intact con- 

‘ - trol mixture. The linkage of Sd/S 
exposed to DNA. They reflect cellular processes dropped from 3.0% to 0.05% after 
governing genetic recombination and do not oe oe poreontcnet or 
arise from the state of a DNA preparation. — |inear rate of 4.5 X 10°/min. 
The sensitivity to physiological conditions may 
create ambiguities that make genetic maps indeterminate or, as previously sug- 
gested, distort them, but appropriate choice of physiological state permits un- 
ambiguous determination of map order. 

Acid catalysis of slow subcritical] inactivation of transforming DN A‘ and of purine 
release from DNA" has led to the suggestion of depurination as a mechanism of 
heat degradation.*:'” Whatever its nature, the lesion is clearly localized and 
submolecular because the rate of inactivation of biological activity depends strictly 
on the number of markers assayed whether or not they are in a linkage group. 
Subcritical heat inactivation seems to alter the proportion of complex recombina- 
tions as reflected by the ratio Sad /Sd recombinants (Figs. 4 and 5); this differential 
inactivation rate is another confirmation of the occurrence of multiswitch recom- 
binations on the intramolecular level. 

In addition, cells seem to be able to escape the consequences of exposure to heat- 
degraded DNA inasmuch as the genetic recombination occurs so as to bypass the 
inactivated region, thereby retaining the homologous segment of the host genome. 
Several interpretations of the differential inactivation rate of Sad and Sd types 
appear unlikely. Subcritical heating does not appear to have a mutagenic effect on 
dissolved transforming DNA at neutral pH'™:'’; nor can loss of funetion (due to 
incorporation of an inactive region) be invoked as a mechanism, since shift from 
wild-type to the a allele alters the catalytic properties of an essential protein but 
not the fact of its synthesis or nonsynthesis.”° 7! Finally, no lethal effect has been 
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observed, inasmuch as there is no apparent Joss of viability in competent pneu- 
mococcal populations when these are exposed to severely degraded DNA, although 
heat-degraded DNA penetrates rather readily into cells.??. ** The possibility of 
suicidal transformation, due to genetic incorporation of an inactivated region which, 
in the active state, controls an essential function, has not been rigorously excluded 
because of the chain-like growth of Pneumococcus (an average of four cells per 
colony-forming unit) and because of the complex growth medium which provides an 
unknown number of essential growth factors. If damaged regions of DNA were 
incorporated, one might expect either a mutagenic or a lethal effect, neither of which 
has been observed. It may very well be that the damaged regions of DNA parti- 
cles are not integrated at all or are eliminated from the genome shortly after inte- 
gration through an effect of the lesion. Either of the latter two alternatives is 
equivalent to saying that a polynucleotide strand bearing a heat-induced lesion will 
only be incorporated if there is an eventual ‘“‘switch” at or near the site of damage. 
A “hole” in the template, as produced by a depurination, could then represent a 
localized signal for recombination. 

The preservation of linkage in denatured and renatured DNA samples suggests, 
on the other hand, that an extended region of helical structure is not necessary for 
recombination. We attribute the variable and partial loss, in denatured aliquots, 
of the loose linkage between streptomycin and sulfonamide resistance to subtle 
pre-existing flaws in different preparations of DNA (perhaps single-strand breaks) 
and to uncontrollable factors in heating experiments. Such partial loss of linkage, 
when it occurs, is not restored by renaturation, although the single marker yield is 


thereby increased at least tenfold. The extent of helicity affects more the par- 
ticle’s ability to penetrate into a cell, a conception strongly supported by the ob- 
servation that biological activity and P**-fixation of labeled DNA are decreased to 
roughly the same extent by denaturation but to different extents by degradation. ”* 


* This work was partially supported by grant AI-03170 from the National Institutes of Health 
and grant G-12894 from the National Science Foundation to the Rockefeller Institute (Dr. Rollin 
D. Hotchkiss, principal investigator). 
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CHLOROPLAST DNA IN CHLAMYDOMONAS* 
By Ruts Sacer anp M. R. Isurpat 
COLUMBIA UNIVERSITY 
Communicated by George E. Palade, August 12, 1963 


Kxtranuclear DNA has not been considered a normal cellular constituent either 
by cytologists or by geneticists, although exceptional instances have been recog- 
nized, such as the cytoplasmic DNA of the amphibian odcyte.! Nonetheless, sug- 
gestive evidence has been reported of DNA in chloroplasts,?: * 7 in mitochondria,’ 
and in the kinetoplasts. * 

The present study was prompted by two considerations, one genetical and the 
other biochemical. We have recently isolated a series of nonchromosomal mutants 
in the green alga Chlamydomonas, which indicate the presence of an extensive 
nonchromosomal genetic system.’ Many of these strains cannot grow photo- 
synthetically, suggesting that mutations have occurred in nonchromosomal genes 
which affect chloroplast traits. Where are these nonchromosomal genes located 
and are they composed of DNA? A recent report that Chlamydomonas contains 
extranuclear Feulgen-positive particles,’ and that DNA isolated from Chlamy- 
domonas contains a satellite band with a buoyant density lighter than that of the 
major component,’ led us to examine the nucleic acid content of chloroplasts iso- 
lated from Chlamydomonas. 

In this paper we describe a procedure for isolating relatively intact chloroplasts 
free of other cellular debris. DNA extracted from these isolated chloroplasts has 
been characterized with respect to buoyant density and base composition. 

Materials and Methods.—(1) Isolation of chloroplasts: Cells (Chlamydomonas reinhardi, strain 
21 gr) were grown with a six-hr doubling time in 10-liter batches in minimal medium with 5% 
CO,,’ harvested from the logarithmic phase, washed, and resuspended in W medium.’ W medium 
contains 0.25 M sucrose, 2.5% Ficoll (Pharmacia), 5% dextran-40 (Pharmacia), 0.006 M mer- 
captoethanol, 0.01% bovine serum albumin, 1 X 107-* M MgCh, 1 X 107% M MnCh, and 1.5 
x 1073 M CaCl, in 10~? M tris-HCl buffer at pH 7.8. Cells were broken in a cold French pressure 
cell at 3,000 psi. All subsequent steps in the isolation procedure were carried out at 2°. Five 
ml of the broken cell mixture was layered onto a discontinuous gradient containing 5 ml each of 
2.5 M, 2.0 M, 1.5 M, and 1.0 M sucrose in W medium. The gradients were centrifuged in the 
Spinco Model L at 25,000 rpm in the SW 25.1 rotor for 90 min. 

After centrifugation five green bands were present, as shown in Figure 1. Examination in the 
light microscope revealed that bands 1 and 2 contained broken chloroplasts, band 3 contained 
largely intact chloroplasts, bands 4 and 5 contained chloroplasts and some unbroken cells. The 
bands were recovered by piercing the bottom of the tube and collecting drops. Only band 3 was 
retained for further purification, diluted with W medium not containing sucrose, and banded 
again in a sucrose density gradient as above. After centrifugation, band 3 was again collected 
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diluted with W medium containing 0.25 MW sucrose, and washed three times by centrifugation at 
2,500 X g for 10 min. 

(2) Extraction of DNA: DNA was extracted by Marmur’s method” both from cells and from 
isolated chloroplasts. The chloroplast pellet from the third wash was resuspended in 0.15 VW 
NaCl-0.1 M EDTA and lysed with 2% sodium lauryl sulphate at 60° for 10 min. After cooling 
to 25°, sodium perchlorate was added (1 4) and the mixture was deproteinized twice with chloro- 
form-amyl alcohol. DNA was precipitated by the addition of 2 volumes of absolute ethanol 
and resuspended in saline-citrate. 

(3) CsCl density gradient centrifugation..' The DNA-CsCl mixtures were adjusted to a 
density (g/ml) of 1.710 and centrifuged in the SW 39 rotor of the Spinco Model L at 33,000 
rpm for 66-70 hours at 18-20°C. The tubes were harvested dropwise from the bottom after cen- 
trifugation, two drops per tube; tris-HCl buffer was added to each tube and the OD.» determined. 

(4) Chemical analysis of cell fractions: Cell fractions were extracted with cold 10% trichlor- 
acetic acid and centrifuged; nucleic acids were extracted from the pellets with 1 NV hot perchloric 
acid. DNA was determined by the reaction with diphenylamine” and RNA by the orcinol 
reaction.'* For protein determination, samples were dissolved in 1N NaOH or concentrated 
formic acid, and protein was measured by the Folin reaction using bovine serum albumin as a 
standard.'* Chlorophyll concentration was determined by measuring the ODge; after extraction 
of cell fractions with 85% acetone. The number of chloroplasts in each preparation was de- 
termined by counting with a hemocytometer. 

(5) Base composition of DNA fractions from CsCl gradients: Drops collected trom each peak 
region after centrifugation were pooled and dialyzed against water for 48 hr at 2°C. to remove CsCl. 
DNA was hydrolyzed with 7.5 N perchloric acid at 100°C for one hr, and the hydrolysates were 
spotted on Whatman No. | filter paper strips. Descending chromatograms were run in isopro- 
panol-HCl-water at room temperature for 22 hr.“ After drying, spots containing bases were 
cut out and eluted with 0.1 N HCl for 48 hr at room temperature. ODe« of eluates was de- 
termined. 

Results.—(1) Chemical composition during purification: The chlorophyll, pro- 
tein, and DNA contents of the isolated chloroplasts from one experiment are given 
in Table 1. Similar results have been obtained in two subsequent experiments. 
Since there is but one chloroplast per cell in this species, the data reported per 





TABLE 1 
DNA, PROTEIN, AND CHLOROPHYLL CONTENT OF CHLOROPLASTS DURING ISOLATION PROCEDURE 


Amounts (per cell or intact chloroplasts 
Steps of Per cent intact Chlorophyll Protein DN: 
isolation chloroplasts X 10° molecules (X 1078 mg) (X 107 mg) 


) 
INA 


Intact cell 100.0 1.22 5. 3.5 
After Ist 8.G.C.* 48.7 1.57 2.90 2.30 
After 2nd S8.G.C.* 28.3 1.54 2.29 0.62 
After Ist wash 20.4 1.30 .96 0.21 
1 
] 


After 2nd wash 12.4 .19 76 0.11 
After 3rd wash 10.6 .28 we 0.12 


* Sucrose gradient centrifugation. 
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chloroplast can be directly compared with the initial values for intact cells. The 
data could also be reported on a chlorophyll basis, since the amount of chlorophyll 
per plastid remained constant during the purification procedure. This constancy 
of chlorophyll content is not surprising, since the pigment is membrane-bound. 
The protein content fell, during washing, from about 40 per cent of the cellular 
protein after the second sucrose gradient centrifugation to about 15 per cent after 
the second wash. These data suggest that the chloroplasts retained most of the 
soluble proteins until the washing procedure began. Since the chloroplast repre- 
sents 50 per cent of the volume of the cell, a protein content of 40 per cent seems 
reasonable. 

After the second sucrose gradient, band 3 contained about 18 per cent of the cel- 
lular DNA, but upon washing this fraction decreased to 3.3 per cent and remained 
constant in the second and third washes. 

(2) Microscopy: Examination of fractions with the light microscope revealed 
a very low level of contamination 
by other cell particulates. Very few 
intact or broken nuclei were seen in 
the chloroplast bands recovered 
from sucrose gradient centrifuga- 
tion. The isolated chloroplasts re- 
mained cup-shaped and scarcely 
swollen even after the third wash, 
with pyrenoid and eyespot still in 
situ," 

(3) Characterization of DNA in 
CsCl density gradients: The exist- 
ence of a satellite DNA in Chla- 
mydomonas with a lower buoyant 
density in CsCl than the major 
component is shown in Figure 2c. 
In this preparation, DNA was iso- 
lated from whole cells and centri- 
fuged to equilibrium in a CsCl 
density gradient in the Spinco Model 
L. The major peak contains about 
94 per cent of the DNA, while the 
satellite peak which is much lighter 
contains the remaining 6 per cent. 
Figures 2a and 2b show the pattern 
of banding obtained with DNA ex- 
tracted from chloroplasts after the 
third wash (ef. Table 1). In these 
preparations, the satellite DNA is Fic. 2.—Banding of DNA from whole cells 
about 40 per cent of the total, repre- Sman shila L, Mien te te Pyeng 


senting a sevenfold enrichment in (a) and (b) Chloroplast DNA from two experi- 
sntrati ver that prese : ments. The satellite band is 39% of the total 
concentration over that present in DNA in each. (c) Whole cell DNA with major 


whole cell DNA. band (949%) and satellite band (6%). 
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TABLE 2 
Base Composition oF DNA From Chlamydomonas 

Total Major band Satellite band 

Adenine 18.0 + 0.42 18. 29.8 
17. 
17. 
Guanine 29.3 + 0.39 29. 
30. 
30. 
Cytosine 32.1 + 1.0 32. 
32. 
31 
Thymine 20.5 = 1.1 20. 
19. 
20. 
Pu/Py 0.90 0.§ 


Bron ooo 


31.3 


wesTeR s7bo RD 


-~ 
Na 
to 


1.02 


1.06 
39.3 


~ 
— 
—_ 


6-keto/6-amino 0.99 1. 
CG content (%) 61.4 62. 


_ 


(4) Base composition of DNA fractions: The considerable difference in bouyant 
density of the two DNA components was sufficient to permit their separation in the 
Spinco Model L in a CsCl gradient and their recovery for analytical purposes. 
DNA samples recovered in three different experiments, each beginning with 20 
liters of culture medium, were pooled to provide enough material for base analyses. 
The results are shown in Table 2. The DNAs of both fractions may be double- 
stranded, since they contain equal amounts of the complementary base pairs. No 


unusual bases were detected in either fraction. The buoyant density of the major 
component, determined in the analytical ultracentrifuge as 1.728" compares well 
with the value of 1.726 calculated from the G-C content. By calculation the 
satellite DNA has a buoyant density of 1.702. 

Discussion.—In this paper we report the isolation of DNA from chloroplasts of 
Chlamydomonas. The success of the method depends in the first instance upon the 
separation of intact chloroplasts from other cell particulates and debris by two 
rounds of banding in a discontinuous sucrose gradient. The integrity of the 
isolated chloroplasts is maintained by a complex medium developed by Honda 
and Wildman for higher plant chloroplasts’ and adapted by us to Chlamydomonas. 

The critical evidence that Chlamydomonas chloroplasts contain DNA rests upon 
its distinctive base composition. Total cell DNA contains about 6 per cent of a 
satellite band, seen in a CsCl density gradient as a light component. DNA ex- 
tracted from isolated, washed chloroplasts also contains both the major and the 
satellite bands, but here the satellite is 25-40 per cent of the total (in three different 
preparations). On a weight basis the isolated, washed chloroplasts contain about 
25 per cent of the total cellular satellite DNA and only about 2% of the major com- 
ponent. This enrichment of satellite DNA during purification indicates clearly 
the association in vivo of satellite DNA with the chloroplast. Whether the other 
component is also native to the chloroplast or is a contaminant from the nucleus 
cannot be ascertained from these data. 

We have taken the value of 1.2 X 10-1! mg to represent the amount of plastid 
DNA, having recovered this quantity after washing the chloroplasts in three sep- 
arate experiments. However, it is not evident whether the higher values found in 
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plastids taken directly from sucrose gradient bands are the result of contamination 
or whether the low values obtained after washing are the result of losses. 

It seems likely that the Feulgen-positive particles in the cytoplasm of Chlamy- 
domonas, first reported by Ris and Plaut,* represents all or part of the DNA we have 
isolated, but we have no direct evidence on this point. However, it is highly 
probable that the satellite DNA which we have characterized is the same fraction 
detected in total DNA extracts from Chlamydomonas by Chun, Vaughan, and 
Rich’ (to whom we are indebted for bringing its existence to our attention). How- 
ever, their value of p = 1.695 (from a CsCl gradient) differs somewhat from our 
value of p = 1.702 computed from the GC content of the purified DNA. 

What is the functional role of chloroplast DNA? The genetical literature con- 
tains many reports of nonchromosomal hereditary factors which influence chloro- 
plast development. With Chlamydomonas, we have recently obtained a number of 
different nonchromosomal gene mutations leading to loss of photosynthetic ac- 
tivity.6 These mutants contain normal amounts of photosynthetic pigments but 
require acetate for growth in the light. Another mutant, y:, is blocked in the dark 
conversion of protochlorophyil to chlorophyll, shows unit factor segregation, but 
may be nonchromosomal because it does not map and is mutated by streptomy- 
cin. 8 

The existence of nonchromosomal genetic systems poses urgent questions of 
their chemical identity, location, and mode of action. Does satellite DNA code 
for plastid proteins? Are the nonchromosomal genes of Chlamydomonas composed 
of satellite DNA? Do nonchromosomal genetic systems act in other ways than by 
coding for the primary structure of proteins? 

A structural subunit of the chloroplast lamella, the “quantasome” in spinach, has 
been described. It is about 200 A in diameter": ° and contains 100-200 chloro- 
phyll molecules. If we assume a similar molecular organization in the chloroplast 
lamellae of Chlamydomonas, there would be some 5 X 10° quantasomes per plastid. 
Our finding of 1 X 10~-'! mg of DNA per chloroplast would provide only about 20 
nucleotide pairs per quantasome. Thus, it is evident that genetic DNA cannot be a 
constituent of each quantasome. If the organization of molecules into the quanta- 
some is template-controlled (i.e., genetic), then the template is either not DNA or 
it is used many times over. 

The Chlamydomonas chloroplast also contains RNA, most of it in the form of 
ribosomes,”! and isolated chloroplasts incorporate amino acids into polypeptide.” 
Thus, it should be possible to examine the role of DNA in the synthesis of chloro- 
plast RNA and protein fractions, and thereby to investigate the capabilities of 
chloroplast DNA in cell-free systems. It is hoped that the distinctive base com- 
position of satellite DNA will aid us in elucidating its role, and that the nonchromo- 
somal chloroplast mutants will provide material for a more penetrating analysis of 
genetic control mechanisms. 

Summary.—A method has been developed for the isolation of relatively intact 
chloroplasts from the alga Chlamydomonas. These chloroplasts contain about 3 
per cent of the cellular DNA, of which 25—40 per cent (in three separate prepara- 
tions) consists of a satellite band with a buoyant density of 1.702 gm/cm* and GC 
content of 39.3 per cent. The enrichment of satellite DNA in the chloroplast ex- 
tract sevenfold over its concentration in total cell extracts provides strong evidence 
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for its association with the chloroplast in vivo. Light microscope examination of 
the isolated chloroplast preparations indicates very low contamination with other 
cell particulates. 


* Supported by grant E-1605 of the U.S. Public Health Service and institutional grant IN-4 
of the American Cancer Society. 
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THE CYCLIC HELIX AND CYCLIC COIL FORMS OF POLYOMA 
VIRAL DNA 
By RoGrer WEIL AND JEROME VINOGRAD 


GATES AND CRELLIN LABORATORIES OF CHEMISTRY* AND THE NORMAN W. CHURCH LABORATORY OF 
CHEMICAL BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY 


Communicated by R. Dulbecco, August 19, 1963 


The DNA extracted from polyoma virus exhibits certain properties which have 
not been reported for other viral base-paired DNA’s.!. The DNA renatures 
monomolecularly. The loss of helical configuration does not impair biological 
activity. Heating at 100° for 10-20 min followed by rapid cooling does not 
reduce the infective titer. Dulbecco has given evidence suggesting that a fraction 
of the polyoma DNA molecules are cyclic.?- This form would in part account for the 
above properties. 
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The results reported in this communication give strong evidence for cyclic 
polyoma DNA molecules; they also define certain properties of the cyclic and 
open forms. Some of the evidence reported here is similar to that obtained in an 
independent investigation by Dulbecco and Vogt.* 

Materials and M ethods.—Isolation and purification of the virus and extraction of the DNA: The 
virus was isolated and purified by the procedure described by Winocour.‘ The main visible 
band from the CsCl density gradient was collected, and the DNA extracted by a modified phenol 
procedure.!. The homogenization step was omitted. The CsCl, Harshaw Chemical Company, 
Optical Grade, formed solutions which remained clear upon addition of alkaline buffers. Reagent 
grade inorganic chemicals and Merck's reagent grade formaldehyde were used. 

Analytical ultracentrifugation: Sedimentation velocity analyses were performed in the 
Spinco analytical ultracentrifuge by band-centrifugation.® Boundary-velocity experiments were 
precluded by the limited supply of the virus. Buoyant density experiments were performed at 
44,770 rpm at 25°C and analyzed by methods previously described.® 

Preparation of the alkaline solutions: The alkaline CsCl solutions were prepared with the 
buffers described by Vinograd et al.?. The alkaline NaCl solutions were prepared by mixing | 
volume of 4 M NaCl with 3 volumes of 0.11.4 KOH.™ The pH measured with a small general- 
purpose Beckman glass electrode was 12.2 + 0.1. DNA samples were made alkaline in the sample 
hole by addition of 1 volume of 1.1 4 KOH" to 9 volumes of DNA solution, and mixed by drawing 
the solutions back into the Kel-F tubing several times. The final pH was 12.5 + 0.2. Pre- 
incubation for longer periods was performed in 0.032-in. I.D. Kel-F tubing sealed at both ends 
with 4-mm plugs of silicone grease. 

Denaturation and renaturation: These experiments were performed as previously described.' 
Formaldehyde denaturations* were performed with 25 yl samples in 11°, CH.O, pH 8.3, ionic 
strength 0.01, in sealed glass melting-point tubes at 70-75°C 2-3 min followed by chilling at 0°C. 

Sonication: The DNA solutions in thin 1-ml nitrocellulose test tubes were sonicated in a 
9,000 eps Raytheon Sonicator Model no. S102A at the indicated power level. 

Calculations: The molecular weight of anhydrous NaDNA was calculated from the standard 
deviation of the band.* The additional cesium ions and preferential hydration’ introduced at 
high pH were included in the calculations. Buoyant densities were measured with /. lysodeikticus 
DNA, po® = 1.732 gm cm~', as a reference, a value based on po® = 1.710 gm em~* for DNA from 
E. coli.2 This value disagrees with a recent redetermination by +0.006 gm cm~*.? 

Results.—Sedimentation analysis of DNA extracted from the virus: Band-centrif- 
ugation analyses of the DNA from six different virus batches all showed three 
components which we refer to as I, II, and III, in order of decreasing sedimentation 
coefficients. The values, sx»,,, in 1 M NaCl, 0.01 17 NasHPO,, pH 8.0 were 
20.38 + 0.48.D., 15.88 + 0.4 8.D., and 14.4 8" (Fig. 1A). The component 
composition was determined in 3.5 M CsCl (Fig. 1B). In this solvent the band 
profiles are more symmetrical than in 1 M NaClor 1M CsCl. In all preparations 
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Fic. 1.—Band sedimentation velocity analyses of polyoma DNA in (A) neutral NaCl, (B) neu- 
tral CsCl, (C) alkaline NaCl. (A) Lamella: 15 ul, 24 ug/ml DNA; bulk solution: 1 M NaCl, 0.01 
M NazHPO,, pH 8.0. Densitometer records are from photographs taken at 16-min intervals. 
35,600 rpm, 20°. (B) Lamella: 20 ul, 60 ug/ml DNA; bulk solution: CsCl, p = 1.36, 0.01 M Tris, 
pH 8.1. 16-min intervals, 35,600 rpm, 20°. (C’) Lamella: 25 wl, 24 ug/ml DNA, pH = 12.75; 
bulk solution: 1.0 M NaCl, 0.10 M KOH, pH 12.2, 8-min intervals. 35,600 rpm, 
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I comprised 80-90 per cent of the DNA. Component II varied between 1 and 
20 per cent and III between 1 and 10 per cent. DNA released from the virus in 
the sample hole, pH 11.2 or pH 12.3, gave patterns indistinguishable from those 
obtained with the phenol extract. The sedimentation pattern at neutral pH 
did not change upon storage at 4° for periods up to 20 weeks, or upon freezin; 
and thawing. The DNA formed a single band at equilibrium in CsCl with a 
buoyant density of 1.709 gm cm~*. All preparations formed bands which were 
skewed on the light side. It is shown later that this skewness is due to ITI. 

The renaturation behavior of polyoma DNA suggested that the strands did not 
physically separate when heated under conditions in which strand separation 
normally occurs. To examine this problem we employed the procedure described 
by Freifelder and Davison.’ Solutions of polyoma DNA were denatured in 
CH,O and examined in sedimentation velocity experiments in 11 per cent CH,O, 
1M NaCl. The DNA now sedimented in two components (80 per cent fast) with 
a ratio of sedimentation coefficients of 2.2. This result was not compatible with 
the hypothesis that the fast material represented singly cross-linked double strands, 


and the slow material single strands* because a ratio of V2 is to be expected. 
Strand separation was also examined at high pH, 12.2 + 0.1, in 1 M NaCl. In 
this solvent, complete strand separation is to be expected.’ All fresh polyoma 
DNA preparations, including those stored at —70°C, sedimented in two well- 
resolved components'! (about three-fourths fast) with sedimentation coefficients, 
Sop.» Of 53.18 + 0.38.D. and 14.68 + 0.5 S.D. (Fig. 1C). We will refer to the 
alkali components as the 53 8S and 15 S DNA’s and will show below that these are 
double-stranded cyclic coils and single-stranded random coils, respectively. That 
both of these components can derive from I was shown in experiments in which 
the DNA was so dilute that II and III could not be detected at pH 8; in alkali, 
however, both the 53 S and 15 S components were observed. 

The sedimentation velocity of the 15 S DNA was compared with the sedimenta- 
tion velocity of ¢X-174 DNA (16.0 S) in the same solvent, and its molecular 
weight calculated with the relation for random coils, 8:/S2 = (M,/M:2)°*. With 
M = 1.7 X 10° for ¢X-174 DNA” we obtain M = 1.4 X 10° for the 15S com- 
ponent. The same value is obtained if we use single-stranded T-7 DNA as a ref- 
erence in this calculation, 820.0 = 39S, M = 9.5 X 108." 

Fresh polyoma DNA forms two well-separated bands in buoyant density experi- 
ments in alkaline CsCl pH 12.3. In band-buoyancy experiments (band-centrifuga- 
tion performed with buoyant bulk solutions®) (Fig. 2), the 53 S DNA forms a band 
at a higher density than the 15S DNA. The buoyant densities are 1.784 and 1.766 
gm cm~*, referred to 1.710 for FE. coli DNA. The molecular weight calculated from 
several band profiles for the 53 S DNA was 2.4 + 0.3 X 108. The band formed by 
the 15S DNA was skewed on the light side because of slowly sedimenting DNA and 
a small amount of III. 

With a ratio of molecular weights Ms; ,/Mis s ~ 2, as indicated in the arguments 
in the above two paragraphs, we expect for random coils a ratio of sedimentation 
coefficients of 1.4. The high velocity, 53 S, in alkali of the double-stranded DNA 
has thus to be attributed to a drop in the frictional coefficient by a factor of 2.5 
relative to a random coil containing two strands (Fig. 3). We therefore propose 
that the double-stranded cyclic helix denatures to form a double-stranded cyclic 
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coil in which the turns originally 
present in the helix are conserved. 
The topological constraint imposes 
a compact structure on this mole- 
cule (Fig. 3) and gives rise to an 
unusually high sedimentation coef- 
ficient and buoyant density. 

Several physical and chemical 
agents can convert the cyclic helix, 
the linear helix and the double- 
stranded cyclic coil to single 
strands, as well as the cyclic helix 
to the double-stranded cyclic coil 
and to the linear helix. 

(1) Exposure to high pH: After 
the initial rapid conversion of about 
one fourth of component I into 
single strands, a further conversion 
into single-stranded 15 S DNA oc- 
curs at a slow rate. For example, Fic. 2.—Band-buoyancy analysis of polyoma 
after 72 hr incubation at pH 12.1 in BNA’ slkaline CaCl, Lamella: 20 l, 24 g/m 
0.01 M NaCl, the amount of 53S 0.04 M K;PO,, pH = 12.35. 44,770 rpm. Upper: 
DNA deereased to about one third _arition of 18'S and 58 8 componente at various 
with a concomitant increase in 15 = 72 hr, 25°. 

S DNA. Unlike the usual 15 § 

DNA, this material contained two velocity components, a small fraction, pre- 
sumably cyclic single strands, sedimenting about 10 per cent faster than the main 
component.'! The patterns were similar to those observed in experiments with 
¢X-174 DNA, which contained both linear and circular molecules. '* 

(2) Exposure to high CsCl concentrations: The sedimentation velocity patterns 
of polyoma DNA in dilute CsCl solutions are skewed because of the effects of con- 
centration-dependent sedimentation. At a density of 1.35 gm em~* the bands be- 
come symmetrical, presumably because of a reduction in the equivalent hydro- 
dynamic volume. 

At still higher concentrations of CsCl, p = 1.5 and p = 1.6, the relative amounts 
of the components changed in two of the three preparations studied. Component 
I became smaller and II larger. That this conversion is not rapidly reversible 
was shown in experiments in which polyoma DNA was incubated at 23°C in CsCl, 
p = 1.72, 0.006 M Na citrate pH 7.0 for 1, 24, and 44 hr, and subsequently analyzed, 
after dilution, in CsCl, p = 1.35 gm em~*. Analyses in neutral CsCl showed that 
irreversible conversion of I in all three DNA preparations had occurred to the 
extent of 50, 75, and 90 per cent, respectively. In one of the preparations of DNA 
it was confirmed that the conversion noted after 44 hr by analysis in neutral CsCl 
represented a ring cleavage. This was shown by a change in the relative amounts 
of fast and slow forms in alkaline CsCl, p = 1.36, 0.04 M K;PO,, pH = 12.1. 
The ratio of amounts changed from 0.6 to 0.1. The corrected sedimentation coeffi- 
cients, 830,» Mre, for the double-stranded cyclic coils and the single-stranded coils 
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were 37 S and 11.68. These results indicate that preparative equilibrium sedimen- 
tation in CsCl at room temperature can lead to a substantial loss of the cyclic 


helical form. 
(3) Exposure to high CsCl concentration at high pH: A series of buoyant 
density experiments were performed to examine the effects of pH. At pH 11, 


Fig. 3.—Diagrammatic representation of the 
RANDOM COILS, |S two forms of polyoma DNA. The double-stranded 
ms : cyclic helix denatures to form a double-stranded 
e ace cyclic coil. The linear helix denatures to form two 
ou ow single-stranded random coils. The dashed circles 
‘ indicate the relative equivalent hydrodynamic di- 
ameters. Possible links between chains or special 
bonds connecting chain ends are not considered. 
The sedimentation coefficients of the helices and 
coils were measured in neutral and alkaline NaCl 
solutions, respectively. 


DOUBLE -STRANODEC 
cycirc CON, 55 


as at pH 8.1, the buoyant density was 1.709 gm em~*, and the band was skewed at 
the light side. At pH 11.8 a substantial fraction of the DNA titrated to form a 
band at 1.766 gm em~* that was skewed at the light side while the remainder, the 
intact cyclic helical DNA, formed a symmetrical band at 1.714 gm em~*."' At 
pH 12.2 the latter material denatured and titrated to form a band of double- 
stranded cyclic coils at 1.784 gm em~*. The results show that the cyclic helix is 
more stable than the linear helix to alkali denaturation. Both at pH 11.8 and 
12.2 the relative amounts of the double-stranded cyclic DNA were smaller than 
the relative amount of 53 S DNA initially present in the preparations. A por- 
tion of the double-stranded cyclic DNA was therefore converted to single 
strands. 

(4) Sonication: Sonication at 75 per cent full power for 1.5 and 5 min gave the 
same results. The relative amount and the sedimentation coefficient of I were 
essentially unchanged in neutral 1 1/ NaCl (Fig. 4). Components II and III 
formed a relatively broad band with decreased sedimentation coefficient, 12.2 8. 
At full power, sonication for 2 and 4 min resulted in the conversion of 50 and 80 
per cent, respectively, of I into a slower material, 8.3.8. In previous studies with 
native DNA’s, the resistance to shearing increases with decreasing sedimentation 
coefficient.!» We have here the reverse effect, presumably because the extended 
length of the eyclic form is less than that of the linear form. 

(5) Effects of heating at 100°C: 
Component IIT is selectively melted 
out and becomes polydisperse in 
neutral sedimentation velocity ex- 
periments performed after heating 
solutions of polyoma DNA in 0.4 M 
NaCl 1-2 min at 100° followed by 
rapid cooling. The skewness disap- 
Pie dtl sonication of olvona DNA. pears from the main band in buoy- 
15 wl, 25 ug/ml DNA. Bulk solution: 1.0 M ant density experiments at neutral 
NaCl, 0.01 1M NaHPO,, pH 8.0. Photographed pH. Component III forms a band 


64 min after reaching full speed. 35,600 rpm s , 
20°. : of denatured DNA with a buoyant 
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density 1.721 gm em~*, 0.003 gm cm~ less than the buoyant density of denatured 
polyoma DNA. In these experiments the relative amounts and the sedimen- 
tation velocities of I and II were unchanged. Longer heating leads to gradual 
conversion of I into a 16S DNA. 

When fresh polyoma DNA at a concentration of 1-2 ug/ml was heated at 100° 
1—2 min in buffers of low ionic strength followed by rapid cooling, I renatured nearly 
completely, while an amount corresponding to II and III remained denatured as 
judged by buoyant density. This result indicates that intact cyclic coils renature 
readily. Upon further heating, increasing amounts of denatured DNA were formed. 
Heated materials analyzed in alkali contained decreasing amounts of 53 S DNA 
and increasing amounts of 15S DNA. Depurination which occurs on heating and 
leads to chain scission in alkali'®~'* is in part responsible for the conversion of double- 
stranded cyclic coils to random coils. 

Electron microscopy: The striking and important result is that cyclic molecules 
are observed (see Appendix). 

Discussion.—The major fraction of polyoma DNA denatures in alkali and 
remains double-stranded. A smaller fraction denatures in alkali to form single 
strands with about half the molecular weight of the double-stranded form. Com- 
parison of the sedimentation coefficients in alkali of these two denatured DNA’s 
with each other and with the sedimentation coefficients in alkali of other DNA 
single strands of known molecular weight leads to the conclusion that the de- 
natured double-stranded polyoma DNA has an abnormally low frictional coefficient. 
A simple model for the native DNA which can account for the properties men- 
tioned is a cyclic helix with separately continuous strands (Fig. 3). 

The requirement that the approximately 500 turns originally present in the 
helical structure be conserved as long as the strands remain continuous leads 
necessarily to a configuration for the denatured molecule which is more compact 
than the random-coil configuration. Any spatial rearrangement of the phospho- 
diester chains upon denaturation gives rise to supercoiling. This new type of DNA 
coil, which we refer to as the double-stranded cyclic coil, has an abnormally high 
sedimentation coefficient and a higher buoyant density in alkaline cesium chloride 
than the random coil. 

The introduction of one discontinuity in one of the strands in the native or 
denatured double-stranded molecule results in the formation in alkali of single 
strands, one linear and one cyclic. The finding that the molecular weight is always 
first reduced by a factor of 2 upon degradation shows that the strands in polyoma 
DNA are separately continuous. None of the foregoing excludes the additional 
presence of a cross-link labile in alkali. Further evidence for a cyclic structure 
for component I is the relatively high resistance to shearing by sonication, 
and the presence in the electron micrographs of about 90 per cent cyclic mole- 
cules. 

We now examine the evidence that II is an open or linear form of the cyclic 
helix I. The buoyant density of II is essentially the same as I. Upon thermal 
denaturation of II, a buoyant density shift characteristic for double-stranded 
DNA is observed. The alkaline buoyant density shift is also normal for a linear 
helix. We conclude therefore that II is a linear helix. I is converted into 165 
helical DNA by the action of concentrated CsCl or heating at 100° in 0.4 M NaCl. 
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The sedimentation coefficient of II is slightly lower than I, which is reasonable for 
the proposed relation between I and II. That II has the same molecular weight 
as I is indicated by the formation from II in alkali of 15S single strands of one half 
the molecular weight of I. These arguments all suggest that II is an open or linear 
form of the cyclic helix I. Consistent with the above conclusion is the greater 
sensitivity of II to sonication, and the appearance in the electron micrographs of 
linear and cyclic molecules with the same mean length. 

The origin of III, which was present in small amounts in all preparations, is not 
known. Its homogeneity with respect to sedimentation velocity and buoyant 
behavior rules out an adventitious contamination by host cell DNA. Component 
III was not found by Dulbecco and Vogt' in radioactively labeled polyoma DNA 
preparations, or by Crawford (ef. ref. 10) with boundary-sedimentation velocity 
experiments. Either the methods used by these investigators were not sufficiently 
sensitive or III represents a well-defined host cell DNA molecule which was syn- 
thesized prior to viral infection and thus remained unlabeled. 

The thermal stability! of the infective titer of polyoma DNA upon heating at 
100° can now be interpreted. The initial threefold increase in infective titer is the 


Fic. 5.—Electron micrographs of polyoma DNA, 44,000. Upper: a field showing linear and 
cyclic forms. Lower: selected cyclic forms. 


result of a more efficient attachment of the DNA to the mouse cells in the assay for 
infectivity.!_ The essentially unchanged titer during the next 10-20 min is attributed 
to a steady state between a thermal activation and an inactivation process. In the 
activation process the cyclic double-stranded molecule is opened to produce a 
molecule of higher infectivity. If a cleavage occurs at a phosphodiester bond, a 
pair of linear and cyclic single strands is formed. These separate unless held to- 
gether by a cross link which we have not ruled out. If a cleavage at the site of a 
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linker connecting four chain ends occurs, either single- or double-stranded linear 
molecules are formed. When all cyclic double-stranded molecules have been opened, 
the reservoir of potential infectivity is exhausted. Further heating leads to an ex- 
ponential decrease in the infective titer. 

The opening of the ring at high pH or as a result of heating may proceed by 
well-known reactions such as hydrolysis or depurination followed by hydrolysis; 
and these may occur at any site along the chains. The slow cleavage of the ring in 
concentrated neutral CsCl solutions is a surprising result which suggests that poly- 
oma DNA contains a labile site in the chain not present in other biologically active 
DNA’s which have been routinely studied in and recovered from equilibrium density 
gradient experiments in concentrated CsCl solutions. 


APPENDIX BY WALTHER STOECKENIUS 
THE ROCKEFELLER INSTITUTE 


Three different configurations of polyoma viral DNA are visible in the electron 
micrographs (Fig. 5): coiled molecules without visible free ends, fully extended 
cyclic molecules, and linear molecules. If a coiled form contained not more than 
two twists, its length could be accurately measured. In a given typical area, 83 
coiled, 8 extended, and 9 linear molecules were observed. The mean lengths of 66 
cyclic and 68 linear molecules were 1.58 » + 0.16 8.D. and 1.53 u + 0.16 8.D., re- 
spectively. These lengths correspond to a molecular weight of 3.0 X 10°, if we 
assume that the mass per unit length of DNA molecules in the protein film is the 
same as in the B-form in fibers of NaDNA.'8~?! 

Electron microscopy thus confirms that polyoma DNA molecules exist in linear 
and cyclic forms of equal molecular weight. The proportion of I and II by electron 
microscopy corresponds to that found by sedimentation analysis, as described below. 

A striking feature of the electron micrographs is the high proportion of tightly 
coiled molecules. In otherwise identical preparations of T-7 DNA, linear molecules 
and a very few tightly coiled molecules were found. The latter form is probably 
due mainly to intramolecular cross-linking by protein.*!. The absence of free ends in 
the tightly coiled polyoma DNA molecules indicates that they are cyclic; the high 
proportion of such forms suggests that cyclic molecules are more readily cross- 
linked by protein. Component III could not be identified in the electron micro- 
graphs. 

A sample containing 2 ug/ml polyoma DNA in 0.006 M KCI, 0.01 M Tris, pH 7.5 was shipped 
in dry ice, thawed, and frozen three times during these studies, and the remainder returned in 
dry ice. Re-examination (by R. W. and J. V.) at neutral pH in 1.0 M@ NaCl and 3.5 M CsCl 
showed an unchanged composition, 85% I and about equal amounts of II and III. In alkaline 
NaCl only slow polydisperse strands were found. 

Grids were prepared by the method of Kleinschmidt and Zahn,?? except that diisopropyl- 
phosphoryl trypsin (Worthington Biochemical Corp., no. TRL-DIP104) was used instead of 
cytochrome C and the solution was delivered to the surface via a glass rod.** One ml of solution 
(0.24 ug DNA, 100 ug DIP-trypsin in 1.0 M NH, acetate, pH 8.0) was delivered onto 0.015 M 
NH, acetate, pH 8.0. The resulting surface film was compressed to 1.0 dyne/em at about 450 
em?. Randomly selected portions of the surface film were picked up on platinum grids and 


shadowed with uranium at an angle of 7° while the specimen was rotating. 
Summary.—The results obtained in this study show that polyoma viral DNA con- 


tains linear and cyclic helical molecules. The double-stranded cyclic helix de- 
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natures in alkaline solutions to form a double-stranded cyclic coil, a new type of 
coiled molecule in which all of the turns originally present in the helix are conserved. 
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REPLICATION OF NUCLEIC ACIDS 
By Hersert JEHLE, MicHAEL L. INGERMAN, RAYMOND M. SHIRVEN, 
WiLuiAM C. PARKE, AND ABIGAIL A. SALYERS 
DEPARTMENT OF PHYSICS, THE GEORGE WASHINGTON UNIVERSITY 


Communicated by Linus Pauling, July 15, 1963 


Several model schemes have been proposed to explain the replication of nucleic 
acids, in particular the sequence selection of filial nucleotides when a double- 
stranded nucleic acid undergoes semiconservative replication. (These schemes 
usually are concerned with a Watson-Crick type DNA, although similar schemes 
might involve a filial RNA strand.) Two difficulties involved in previously pro- 
posed schemes are the unexplained accuracy of replication of nucleotide sequences 
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and the fact that these models lean too heavily on inadequate mechanical analogies. 

In this paper, instead of depending solely on complementarity of hydrogen bond- 
ing between purines and pyrmidines for the correct sequence selection of filial 
nucleotides, we attempt to secure correct replication on the basis of two assump- 
tions: (1) The structure of the parental half of the nucleic acid chain remains 
almost rigidly preserved throughout the replication process, due to stabilizing mole- 
cules located in the DNA grooves, as suggested by Wilkins.! (2) We may then 
assume (a) sterical complementarity between the fully structuralized half strand 
and the incoming filial nucleotides as a sequence determining factor in addition to 
(b) the usual hydrogen bond complementarity condition, and in addition to (c) 
the tendency of the nucleotides of the off-pealing strand to initiate the collection 
of the correct filial nucleotides due to the specificity of London forces. This 
assumption gives a triple check on incoming nucleotides. 

The hypothesis (1) indeed may imply specialized assumptions? about the kind of 
molecules which fill the DNA grooves. We are fully aware that there are many 
variants of those assumptions and that they are only subsidiary to the hypothesis (2). 

The Intermolecular Forces Relevant for Sequence Selection of Nucleotides.—Comple- 
mentary base pairing due to hydrogen bond formation has been thoroughly dis- 
cussed in several papers.* * Hydrophobic bonds and charge transfer interactions, 
as important as they are for structural stability of a nucleic acid helix, seem, how- 
ever, to have little to do with specificity of sequence selection of nucleotides. 

Here we will direct special attention to the biological significance of forces due to 
correlated charge fluctuations, i.e., of interactions essentially of the London-van 
der Waals type. On the one hand, these interactions account for a general non- 
specific attraction of all molecules and therefore tend to give preference to associa- 
tions between complementary closely fitting structures. Pauling gave quantita- 
tive estimates of this effect in connection with various examples from the field of 
molecular biology. On the other hand, charge fluctuation (London) forces cause 
a preferential association of identical molecules as nearest neighbors.® These inter- 
actions become significant when like molecules have been brought close to each other 
through rapid Brownian motion. If, by that process, two identical molecules ap- 
proach each other, they will preferentially stay together as long as their correspond- 
ing similar net charges, if any, are compensated by gegen-ions. 

Specific association of identical molecules by London-van der Waals forces is of 
biological interest in several connections: on the macromolecular level one may 
consider the interaction of two identical molecules, each one having many side 
chains. If two such molecules interact so as to associate many corresponding pairs 
of identical side chains, the specific interaction energy is additive, and the degree of 
specificity of attachment becomes extraordinarily high. Such an association may 
account for the accurate pairing-up of homologous chromosomes in the process of 
synapsis and inverted synapsis, lining up corresponding genetic loci side-by-side.® 
On a smaller molecular scale, these preferential associations may account for other 
phenomena of biological specificity.>~* 

We shall not consider here those replication schemes in which the hydrogen bonds 
of the parertal double-stranded helix remain unopened.’ We shall restrict our dis- 
cussion to semiconservative replication of each double-stranded Watson-Crick 
helix. 
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Critique of Conventional Replication Schemes.—Conventional replication schemes 
usually suggest that a lowering of hydrogen ion or other cation concentrations in 
the surrounding medium leads both to an opening up of the hydrogen bonds between 
the complementary base pairs and to a decrease in gegen-ion concentration around 
the phosphates. 

The coiling of a strand peeled off from a double-stranded Watson-Crick helix has 
been postulated and calculated by Longuet-Higgins and Zimm:"® (1) the transi- 
tion from the orderly arrangement of nucleotides to random coil single strands 
implies an entropy gain which derives the reaction in that direction. One should 
keep in mind, however, that a coiled-up form of nucleic acid is a structural configu- 
ration which is not suitable for transmitting information for accurate replication. 
Instead of such an uncoiling mechanism driven by entropy gain, the uncoiling of 
the helix may be driven (2) by the energy liberated in the synthesis process. 

Another proposal (3) for the opening up of the helix and sequence selection of 
nucleotides starts from the above suggestion that a change in the ionic surrounding 
medium occurs which leads to a strong repulsion between the phosphates of the 
nucleic acid strands. <A situation results in which the two opened halves of the 
helix untwist and pull away in opposite directions, arranging themselves somewhat 
like the two arms of a Y whose stem represents the double-stranded parental part of 
the helix. The repeat distance between the phosphates of the opened up strands 
would be of the order of 7 A. As the structure of those two branches of the Y is 
expected to be very different from that of single-stranded halves of an intact Watson- 
Crick helix, there is not much steric specificity left toward complementary nucleo- 
tides, except that provided by the two- or three-point contact between hydrogen 
bond donors and acceptors on the bases. The specificity implied in a multiple 
hydrogen bond contact which a sequence of properly stacked bases of a section of one 
half of a Watson-Crick helix might offer has been lost in the process of opening up. 

Whichever of these three mechanisms may be responsible for the untwining of 
the helix, it is then customarily assumed that complementarity of hydrogen bond 
pairing possibilities accounts for the correct selection of nucleotides in this semi- 
conservative replication scheme. The limitations of this Watson-Crick argument 
seem relevant as the double-stranded helix is, in that replication scheme, not firmly 
structured. Besides, while the helix opeis up, H bond complementarity cannot 
count for much. Donohue, Hotchkiss, and others have also pointed to the possi- 
bility of base pairing differing from the traditional Watson-Crick complementar- 
ity.” 3 

In an effort to design a better scheme to account for the proper sequence selection 
of filial nucleotides by hydrogen bond complementarity, the suggestion was made 
that the single-stranded halves of the opened Watson-Crick helix will more reliably 
direct the semiconservative synthesis of filial nucleic acids if they each faithfully 
maintain the helical structure which they had in the original helix, thereby providing 
a lock and key situation. (This scheme was thought to be possible because of the 
stability which the rapid spinning motion, inherent in the untwisting process, was 
said to impart to the two halves.) 

Considering the possible causes for adequate rigidity of single strands of the 
opened-up helix, the following comments seem to be in order. (1) The many 
single bonds along the phosphate-pentose backbone do not provide the desired 
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rigidity. (2) The hydration of the phosphates of the opened-up strands can 
scarcely be made responsible for fulfilling that task. (3) The suggestion that the 
base residues of a single-stranded nucleic acid are so firmly stacked that they 
provide for the necessary rigidity and for exact preservation of the mutual base 
stacking arrangement right through the separation process is not a tenable one. 
(4) It has to be recognized that a Y structure with correctly stacked bases is 
particularly vulnerable at the juncture where a fairly stable double strand separates 
into two single strands, and yet over this region the greatest stresses occur in holding 
the long filial arms of the Y to its stem. 

To guarantee the preservation of structure of the opened-up strands, enzymes 
have been invoked in this scheme and analogies have been made which too often 
resemble textile machinery: guidance devices, properly maintained tension in 
the threads and supplementary controls have been assumed, explicitly or implicitly. 

Proposal of Replication Schemes for Double-Stranded Nucleic Acids.—We would 
like to comment on possible ways in which structural schemes could satisfactorily 
describe the process of opening up of a parental nucleic acid double-stranded helix 
and how molecular interaction could account for the sequence selection of filial 
nucleotides. We will focus our attention on double-strand replication schemes which 
indeed do provide for more reliable information transfer than do single-strand primer 
situations. 

Wilkins discussed the incorporation of a single-stranded protein chain into one of 
the grooves of the Watson-Crick helix, with the phosphates along each strand of 
that helix spaced about 7 A apart. We shall call such an arrangement a Watson- 
Crick-Wilkins helix (ef. Fig. 1). A protein lying within the groove of such a helix, 
with its side chains reaching alternately in opposite directions, will easily be able to 
adjust its peptides to a repeat distance of 7 A, thus enabling every side chain to 
reach toward every phosphate of the nucleic acid helix strands, respectively. 
Wilkins also considered the insertion of two protein chains into the two grooves of a 
double-stranded nucleic acid helix (Fig. 1). _We do not want to specify in detail what 
role the protein chains laid into nucleic acid grooves might play in terms of fune- 
tioning as an enzyme—perhaps as a synthesizing enzyme—but this is obviously an 
important issue. The presence of protein chains in the grooves of some nucleic 
acids is indicated in Wilkins’ experiments; so far, there is no experimental evidence 
for or against the existence of a similar nucleoprotein association during the process 
of nucleic acid synthesis. 

The manner in which the two groove-filling strands attach themselves to the 
Watson-Crick structure depends also on the CH in the narrow groove of DNA 
(or C,0H in RNA). With regard to the arrangement of the molecular strands 
which are assumed to fill the grooves of the Watson-Crick-Wilkins helix, a variety of 
possibilities exist. 

Let us assume both of the grooves to be filled. These protein molecules adjusted 
to the 7 A repeat distance would fill the grooves tightly. These proteins would be 
sterically complementary to the grooves of the nucleic acids and be specific toward 
them. This entire structure is very compact indeed, the amino acid side chains 
binding the structure together like fibers oriented along lines arranged in left- 
handed helix direction (Fig. 1). The stabilizing influence of the proteins is im- 
portant. Instead of protein chains, single-stranded nucleic acid chains might be 
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Sections 5-8 and 8—6 Fig. 1.—Side view (lower dia- 
gram) and cross section 5-5 and 8-8 
through lower diagram (upper dia- 
gram) of a Watson-Crick Wilkins 
helix, using the Wilkins-Langridge 
B structure of DNA." The location 
of the phosphates is indicated by 
large dots = stew one helical chain 
and small circles along the other. 
The fifth through the eighth base 
layers have their phosphates marked 
P and a letter referring to its at- 
tached base. Those layers are 
principally involved in the stage of 
replication shown in the following 
two figures. The pentoses are not 
specially marked. The two grooves 
of the nucleic acid are filled with 
two protein chains, whose backbones 
are indicated by zigzag lines with 
the side chains drawn as lines reach- 
ing from the protein backbone to the 
phosphates. For easier legibility, 
the protein in the wider groove is 
indicated by a short zigzag line with 
only the two side chains reaching to 
the phosphates Ps, and Psq. This 
makes the subunit 5, 6, 7, 8, very 
stable and compact, similarly for 
6, 7, 8, 9, ete. The narrow groove 
protein has two corresponding side 
chains reaching to the Psr and Psc. 
The top picture shows a cross sec- 
tion of the intact Watson-Crick- 
Wilkins helix with base pair layer 
5 dotted and 8 heavily drawn. 





laid into one or both grooves of the nucleic acid double-stranded helix. The bases of 
those chains reach alternately to the phosphates of one strand and to those of the 
other strand of the Watson-Crick helix. This would amount to a steric arrange- 
ment similar to the one just discussed. Those groove-inhabiting nucleic acid 
strands might even be in the form of several shorter pieces of nucleic acid of a non- 
specific type and would, of course, be much more bulky than the proteins. 

In either case, the strength of the attachment of the bridges to the phosphates may 
be considerable. One can easily imagine a change of ionic conditions in the medium 
which would cause the structure to become unstable and the double-stranded 
nucleic acid helix to be pried open (cf. upper part, Fig. 2). This may be accom- 
plished by the breaking loose of the rudimentarily indicated second protein chain 
from the phosphate Pyc. 

An attractive trait of the scheme of Figures 1 and 2 is that the parental nucleic 
acid is held firmly together throughout the process of filial helix formation and that 
the proteins supply the necessary support. 

Sequence Selection of Filial Nucleotides.—We will now consider whether the semi- 
conservative synthesis of a nucleic acid molecule may occur by a scheme in which 
charge fluctuation interactions (c) provide for the primary selection of the appropri- 
ate nucletide sequence, a sequence of filial nucleotides identical with those on one 
of the parental strands which peels off in the process. 

In addition to the specificity of those London-van der Waals interactions, the 
complementary hydrogen bond association (b) between adenine and thymine (or 
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Fig. 2.—These figures refer to our 
main proposal for nucleic acid repli- 
cation of the semiconservative type. 
The process starts with the intact 
avalioobented Watson-Crick-Wil- 
kins helical structure pictured in 
Fig. 1. A change in the ionic condi- 
tion of the medium looses the hydro- 
gen bonding between complementary 
bases and makes the Psg phosphate 
break loose from the wide-groove 
protein side chain (the straight 
vertical line on the upper part of 
top of Fig. 2), the guanine 8G there- 
upon being pried out. A filial gua- 
nine SG, (f standing for filial), 
brought on by,g Brownian %motion 
and specifically held by London 
forces to guanine SG, attaches itself 
to the wide groove protein side chain 
at Psgr (middle of Fig. 2) and there- 
after snugly fits into the open slot 
(bottom of Fig. 2); the process re- 
eats itself at the next and lower 
evels. Whereas during replication 
the scarcity of protons lessens the 
influence of hydrogen bonding, the 
re-establishment of normal ionic 
conditions thereafter brings the 
Watson-Crick complementarity con- 
dition in force again. The nucleo- 
tide 8G is a monomer of one of the 
parental nucleic acid strands which 
peels off eventually. This single 
strand coil may pair with another 
single strand. Figure 2 is drawn 
so that the conservative half of the 
nucleic acid and the two groove pro- 
teins do not lose their shape. This 
was necessary to make the drawing 
readable. 


uracil) and between guanine and cytosine is, of course, a condition which should be 
satisfied in the subsequent formation of the Watson-Crick DNA (or similar RNA 
or hybrid DNA-RNA) helixes. Hydrogen bond complementarity would be con- 
sidered as but a final condition to be satisfied by newly synthesized chains of nucleic 
acid. The satisfaction of this complementarity based on Chargaff’s rule is presum- 
ably a necessary condition for orderly helix formation, but is open to question if taken 
as a sufficient condition. 

The proper selection of the correct filial nucleotide sequence may also take ad- 
vantage of the steric complementarity (a) of the two protein chains with the grooves 
of the Watson-Crick double-stranded helix. This complementarity may aid in 
permitting only proper filial nucleotides to enter the newly formed semiconserved 
nucleic acid structure. A structural illustration of this scheme is given in Figures 
1 and 2. 

When the double-stranded helix is pried open, nucleotides (e.g., 8G) snap out, 
one by one, and thus are exposed to the surrounding medium. With previously 
released nucleotides they form a single strand which eventually peels off. 

Correct replication is considered to be initiated by a selection of a sequence of 
“filial’’ nucleotides from the pool of activated nucleotides in the medium. Brown- 
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ian motion moves these nucleotides around in a random fashion and with a speed 
which at molecular dimensions is exceedingly high. Once a filial nucleotide has 
reached an identical partner on the parental chain of exposed nucleotides, it will 
preferentially stay there and be properly oriented, lying side-by-side with its partner 
due to the specificity of London forces (center of Fig. 2). This attractive force is 
effective if the static electric repulsion between the identical molecule pairs is com- 
pensated by sufficient numbers of gegen-ions from the medium. This neutralization 
of static charges and dipole, etc., moments is assumed to be achieved at the time 
of sequence selection of filial nucleotides, whereas at other times in the cycle charge 
complementarity such as evidenced in specific hydrogen bonding and other specific 
electrostatic base associations may come to the foreground. 

In the particular scheme presented in Figure 2, an appropriate specific nucleotide 
destined for the filial chain, after being collected by specific London forces, attaches 
itself to the free amino acid side chain at the location Pscr* (center, Fig. 2). Being 
attached to only one amino acid side chain, the “filial” nucleotide is not sterically 
restrained from fitting into the cavity formerly occupied by the parental nucleotide 
8G (lower part, Fig. 2). 

Once the proper filial nucleotides from the medium have been collected and 
fall snugly in the place formerly occupied by the parental bases, and when normal 


Fie. 3.—Alternative semicon- 
servative replication scheme. In 
the previous scheme (Fig. 2) one 
strand gained a new partner while 
the other strand did peel off. In 
this scheme, both strands replicate 
in a semiconservative fashion. An 
ionic condition change causes Psg 
to break from the wide groove pro- 
tein side chain and Psc to break 
from the narrow groove protein. 
Attached to one of the proteins at 
Psa, the guanine 8G swings out as 
does also the cytosine 8C while at- 
tached to the other protein at Psc. 
(cf. top of figure). A filial guanine 
8Gf is held to the guanine 8G, and a 
filial cytosine 8Cf is held to the cy- 
tosine 8C, both by London forces 
(middle of figure), until attach- 
ments to the side chains of groove 
proteins are made at Psc- and Per, 
respectively. The attachments lead 
to two double-stranded nucleic acids 
(bottom of figure), with each double 
helix attached to a corresponding 
protein chain. Here it must be spe- 
cially emphasized that the three-di- 
mensional structure is not conserved 
as the figures might suggest. The 
looseness of the structural conditions 
makes this replication scheme not 
quite as attractive as the previous 
one. 
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ionic conditions are re-established, complementary hydrogen bond base pairing of 
those new filial nucleotides will occur with the opposite single-stranded parental 
nucleic acid chain (which is, of course, complementary to the filial chain). This 
process amounts to a “semiconservative” scheme of replication with a single 
strand functioning as a half of the “primitive duplex.” '! The phosphodiester 
linkages along the filial strand may then be formed, the energy being provided from 
the activation of the filial nucleotides. 

Alternative Scheme.'*—Figure 3 indicates a variation of the scheme in which both 
halves of the parental double-stranded helix enter into making two new semicon- 
servative double-stranded helixes. This scheme differs from that shown in Figure 
2 in that now two amino acid attachments are broken and that the prying-open 
process brings nucleotides from both parental chains into a position of exposure of 
their bases (upper part, Fig. 3). Both strands of the parental helix collect by 
London forces “filial”? nucleotides identical to the parental ones, and the “‘filial’’ 
phosphates may attach to the two free amino acid side chains (middle part, Fig. 3). 
Now they may readily base-pair (lower part, Fig. 3). It is to be noted that the 
conserved nucleic acid single strands are now each attached to one of the protein 
chains which makes their orderly separation possible. Both nucleic acid strands 
replicate in a semiconservative manner. We prefer, however, the scheme of Figure 
2 because it is structurally more specific and because it does not require simultaneous 
synthesis at both C;’ and C;’ positions. 

The scheme of Figure 3 was designed to represent a Y-formed replication process, 
both arms replicating. It is to be noted that such a process may actually consist of 


a sequence of two processes, each of the type represented by Figure 2, one lagging 
behind the other; in both procedures it is one and the same strand which functions 
as the immutable parental strand. Cairn’s and Meselson-Stahl’s experiments may 
thereby be interpreted. 
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REPLICATIVE FRAGMENTATION IN T4 PHAGE: INHIBITION BY 
CHLORAM PHENICOL* + 


By ANpRzEJ W. Kozinsk1, P. B. Kozinsk1, AND P. SHANNON 
THE WISTAR INSTITUTE OF ANATOMY AND BIOLOGY, PHILADELPHIA 


Communicated by Dr. Warren H. Lewis, August 6, 1963 


Reproduction of the T-even phage, known to undergo several rounds of mating 
in the vegetative pool inside the infected bacterial host, is an example of a semi- 
conservative type of DNA replication which is paralleled by its fragmentation and 


rejoining.': 2. This is in contrast to a copy choice mechanism which would not lead 
to fragmentation of parental DNA. The parental label contribution to a single 
progeny phage is no more than 7 per cent, incorporated into the progeny molecule 
as a semiconservative fragment (or fragments). It has been proved that the paren- 
tal fragment, incorporated into the progeny polynucleotide strand, is integrated, 
i.e., that there are no breaks in the polynucleotide chain at either end of the parental 
segment.’ The system involved in the exchanges during mating provides a mech- 
anism for repairing the integrity of the polynucleotide chain. Whether these ex- 
changes are the exclusive affair of DNA molecules or whether a specific enzyme is 
involved was unknown. 

This paper will demonstrate that fragmentation of the parental phage DNA, as 
described above, can be inhibited by chloramphenicol (CM) which, however, does 
not affect semiconservative replication. A catalyst, presumably an enzyme, is 
required for fragmentation. 

Materials and Methods.—(a) The bacterial strain used in these experiments was 
E. coli B. The bacteriophage used was an osmotic shock resistant mutant T,BOf. 
Synthetic TCG medium (light, heavy, and radioactive), along with methods of 
purification, assays of bacteriophage, techniques of CsCl density gradient centrifu- 
gation, and methods for fraction collection have been previously described.' # 

(b) The net synthesis of DNA was measured as the uptake of P*? into the alkali- 
resistant fraction obtained after fractionation of infected bacteria by the Schmidt- 
Thannhauser procedure. ‘ 

(c) DNA extraction from bacteriophage was performed as described before.* 
The intracellular phage DNA was extracted as follows: samples of infected bacteria, 





VoL. 50, 1963 GENETICS: KOZINSKI ET AL. revi 


taken at different times after infection, were chilled in ice, centrifuged, and the 
sediment washed once and resuspended in 0.1 4 EDTA 0.15 M NaCl—pH 8.0. 
T4 carrier phage was added to the final concentration of 1.5 X 10'*/ml and duponol 
to a final concentration of 0.5%; the suspension was lysed at 37°C for approxi- 
mately 3 min and then extracted with phenol, as previously described.* 

(d) Sucrose gradients (5-20%) were prepared in 0.15 M NaCl 0.015 M sodium 
citrate, pH 7.6. Samples containing no more than 5 wg of DNA were layered over 
each gradient; the gradient was then overlaid with paraffin oil and centrifuged for 
3 hr at 25,000 rpm. Fractions were collected in a manner similar to that used with 
CsCl gradient analyses. 

Results.—Intracellular replication of phage DN A in the presence of chloramphenicol: 
It has been shown that chloramphenicol (CM), if added 6 or more min after infec- 
tion of bacteria with T-even phage, prevents maturation of the phage but allows 
production of phage DNA. DNA formed in the presence of CM is incorporated 
into the progeny phage if the antibiotic is withdrawn from the system.~7 

It has also been shown, with a double density labeling system in which light, radio- 
active phage was used for the infection of heavy 5-bromodeoxyuridine (5BU) 
labeled cold bacteria, that after infection parental DNA undergoes gradual changes 
of density which are associated with fragmentation. This leads to the dispersion 
of 5-7 per cent of the parental material in the resulting progeny phage.* 

The alteration induced in this pattern of replication by the presence of CM is 
described in this section. 

Heavy bacteria in heavy medium were infected with light, radioactive (specific 
activity 4.0.me/mg of P) phage (m = 3 phage per bacterium).’ Immediately after 
infection the bacterial suspension was separated into 5 flasks and CM, at a concen- 
tration of 100 ug/ml, was added to 4 flasks at 3, 5, 7, and 9 min, respectively, after 
infection. One flask was left without the addition of CM as acontrol. For DNA 
extraction samples of the bacterial suspension were taken from the control flask 
at 0-17 min and at 0-40 min in the flasks with CM. Infective centers, background 
unadsorbed phage, and unadsorbed P**? were estimated in all samples. In order to 
determine the rate of DNA synthesis, the same bacterial suspension utilized in the 
experiment described above, was infected with cold phage (m = 3); P** was added 
at the time of infection and the suspension was divided into several flasks containing 
CM, as in the experiment just described. Samples of the bacterial suspension were 
taken at different times in order to estimate the amount of newly produced DNA, 
as already described in Materials and Methods. The results of both experiments are 
shown in Figures | and 2. 

Integrity of the replicative molecule: As shown in Figures 1 and 2, CM inhibits the 
fragmentation of parental phage DNA, allowing its semiconservative replication. 
The resulting replicative molecule could represent a total phage genome which re- 
plicated without breaks, or its replication could be restricted to only a part of the 
parental DNA. In the latter case, replicative DNA should be composed of mole- 
cules smaller than the parental and, if this were so, all infected bacteria should con- 
tain some newly synthesized DNA, representing presumably partial replicas of the 
phage genome. This possibility was investigated in experiments in which the mo- 
lecular integrity of the parental DNA in the replicative peak was analyzed by su- 
crose gradient centrifugation. 
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A bacterial culture was infected with 
T4 phage and treated with CM 7 min 
after infection. Forty min later intracel- 
lular DNA was extracted and fractionated 
ina CsCl gradient. The fractions were 
diluted to a volume of 0.5 ml with 0.015 
M Na citrate-0.15 M NaCl (CS) and 
samples were withdrawn for P** estima- 
tions. The pattern of replication in this 
experiment when CM was added 7 min 
after infection strongly resembled that 
obtained with the addition of CM 5 min 
after infection, as shown in Figure 1. The 
“peak” fraction of replicative DNA was 
dialyzed against CS and analyzed in a 
sucrose gradient. DNA extracted from a 
the parental phage was analyzed in the Ep -o-0-----° cae ey 
same way. The results are shown in Fig- eM  Mecnigts athiye 

: : ; ; MINUTES AFTER INFECTION 
ure 3. Since material obtained from the 
replicative peak and from the parental Phi Rale avant ae Ry ing Mochi 
phage DNA both bonded in the sucrose and absence of CM. 
gradient in the same way, these results do 
not support the hypothesis of partial replication of the phage genome. 

Lack of exchanges between DNA’s of the simultaneously infecting phage: It has 
been shown that extensive fragmentation of parental DNA occurs in the presence of 
FUDR despite the fact that DNA production is very small.’ It is important to 
know whether exchanges occur between parental molecules or whether they occur 
part passu with replication. To test the possibility of exchange between simul- 
taneously infecting parental molecules, the following experiment was performed. 
Light, cold bacteria were infected simultaneously with light, P*?-labeled (m = 1) 
and heavy, cold (m = 10) bacteriophage. At different times after infection, DNA 
was extracted from infected bacteria. (In this case, the carrier added during the 
extraction was a mixture of equal parts of light and heavy phage.) DNA was 
analyzed in a CsCl gradient. It will be noted that, when there were exchanges 
between parental phage, displacement of the radioactive label toward the heavy side 
of the gradient would occur. The results, shown in Figure 4, are presented as an 
integral graph in order to emphasize the low amount (not exceeding 1%) of radio- 
activity in the sum of the fractions between the hybrid and heavy DNA locations 
in the gradient. 

Discussion.—Under normal conditions of infection the DNA of T4 phage replicates 
semiconservatively and becomes fragmented so that the final progeny contains 5-7 


PHAGE EQUIVALENT UNITS OF DNA 








Fig. 1.—Intracellular replication of T4 DNA. The replication of T4 DNA in the presence of 
CM after a 40-min incubation at 37°C is represented on the right side of the graph. CM was 
added at the indicated times. The pattern of replication in the control group, which was run 
simultaneously, represents stages of DNA replication at the times of addition of CM. The 
density distribution of P**-containing phage DNA, derived from the control group, is shown at 
the bottom of the control group. (Note: The proportions and density of the replicating peak in 
samples taken 17 min after infection, which are not shown on the graph, were identical to those 
taken at 40 min.) 
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Fig. 3.—Sucrose gradient fractionation of extracted parental DNA and DNA derived from CsCl 
fractions corresponding to the semiconservative peak. 


per cent of the parental material. Present experiments have shown that, when CM 
is added soon after infection, some factor responstble for the fragmentation of T4 
DNA, presumably an enzyme, is affected. CM inhibits the DNA fragmentation 
process. It was observed that the delay of 3-5 min is necessary for the expression 
of the drug. 

The best known activity of CM is the inhibition of protein synthesis. There- 
fore, in our interpretation of CM’s inhibitory effect upon fragmentation of T4 we 
should justifiably assume that it is the production of the “fragmenting” enzyme 
that is inhibited, not its action. This enzyme should then be in duced or coded 
by T4 phage DNA at times later than 5 or 6 min after infection. The comparison 
of the degree of fragmentation achieved when the drug was added at 5, 7, or 9 min 
after infection (see Fig. 1) indicates that CM does not inhibit the action of the 
enzyme. ‘This last statement is based upon the pattern of fragmentation observed 
at 7 or 9 min, the times when CM was added, when no fragmentation was yet no- 
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ticeable, whereas after incuba- 
tion in the presence of the drug 
there was extensive fragmen- 
tation. The significance of 
this enzyme in the genetic re- 
combination seems obvious. 
The total amount of repli- 
cating DNA (the sum of the 
DNA of any density which 
can be clearly separated from 
the conservative parental 
DNA) was the same when the 
CM was added 5-9 min after 
infection. At the same time, 
estimation of the production 
of the new DNA indicates that 
bacteria treated with CM 5 
min after infection produced 
only one fourth to one fifth the 
amount of DNA produced by 
bacteria which received CM 9 pam 
min after infection. This may 


lead to the assumption that a 
threshold of DNA concentra- Fig. 4.—Distribution of P® in intracellular DNA after 
: ; k as aa simultaneous infection with light, radioactive, and heavy, 
tion is required inside the  ¢old parental phage. The light, radioactive phage was 
bacteria for efficient mating infected at a multiplicity of 1.0; the heavy, cold phage 
. at 10.0. The arrows indicate the location of heavy DNA, 
of the phage DNA. However, 4s determined by optical density measurements. 


this is an unlikely hypothesis 

since the equilibrium between nonreplicating and replicating DNA and its final ex- 
tent of fragmentation in media containing CM is achieved within 17 min after the 
addition of CM and does not change, even when the total amount of the net syn- 
thesis shows a threefold increase. 

Moreover, in previous experiments, where DNA synthesis was inhibited by 
FUDR, efficient fragmentation occurred despite the fact that there was only residual 
DNA synthesis. Also, in the absence of CM there was an almost final extent of 
fragmentation at about 17 min after infection (see Fig. 1) when only 20-35 phage 
equivalent units of DNA had been produced (Fig. 2). These results indicate that 
the lack of fragmentation is not caused by the presence of a small pool of DNA but 
by the absence of a specific catalyst responsible for the process. 

Taking an opposite point of view, let us assume that a partial activation of DNA 
molecules occurs in the presence of CM (added soon after infection). This activa- 
tion might be followed by the appearance of a partial replica of the activated seg- 
ment of DNA and by the process of breaking off and separation of the replicating 
area. If this were the case, then the replicative DNA pool would have to be com- 
posed of partial replicas and be devoid of certain genes. In addition, the molecular 
weight of the replicating subunit would be smaller than that of the parental DNA. 
However, the experiments summarized in Figure 3 indicate an identical size for 
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both molecules. Thus, the hybrid separated in CsCl gradient represents DNA 
molecules that are the same size as the parental molecules. These results bear 
similarity to those of experiments described before* which indicated that parental 
phage DNA maintains its integrity within infected bacteria, and with the effects 
of CM on the molecular size of newly formed T2 DNA.° In the latter paper, some 
DNA molecules of a size larger than a one phage equivalent unit were described. 
It may be postulated that the enzyme responsible for fragmentation was missing 
in this last system. Moreover, the fact that a molecule larger than a one phage 
equivalent was not found in the present experiments does not eliminate the pos- 
sibility that larger molecules were sheared preferentially during preparation of the 
DNA. 

These results throw a new light on the interpretation of previously described ex- 
periments’ in which extensive exchanges between DNA formed at different times 
in the presence of CM were found in the resulting progeny obtained after removal of 
the drug. In the present experiments the matured progeny from the DNA pool 
formed when CM was added 5 or 7 min after infection with bacteria (i.e., when no 
fragmentation had occurred) is never semiconservative but is dispersed to the level 
corresponding to the control progeny phage not exposed to CM during multiplica- 
tion. This indicates that extensive fragmentation and exchanges occur after re- 
moval of the drug. 

The last set of experiments eliminates the possibility that exchanges occur be- 
tween simultaneously injected, nonreplicating parental molecules, since we were 
unable to detect any class of molecules having the altered density expected for 
interparental recombinants.'® This is in contrast to the results obtained with 
lambda phage!! when a class of recombinants containing double-stranded subunits 
of both parental phages was described. However, no DNA analysis of this phage 
was performed, and the presence of DNA fragments not materially associated with 
but incorporated into a protein coat could not be excluded. 

Summary.—Chloramphenicol (CM), an inhibitor of protein synthesis, prevents 
DNA of T4 bacteriophage from fragmentation but permits its semiconservative 
replication. Apparently CM inhibits an enzyme responsible for recombination 
between molecules. 

The semiconservative replicative moiety of DNA (in CM), analyzed in sucrose 
zone centrifugation, indicates similarity of size with conservative DNA. 

No recombination between input parental molecules could be detected, suggesting 
that recombination occurs pari passu with replication of DNA. 

* This work was supported by National Science Foundation grants GB-1 and G-23643. 

+ The following abbreviations or idioms will be used: CM—chloramphenicol; CS—A solution of 
0.015 M sodium citrate in 0.15 M NaCl, pH 7.6; DNA—deoxyribonucleic acid; EDTA—di- 
sodium ethylenediamine tetraacetate; 5BU—5-bromodeoxyuridine; FUDR—5-fluorodeoxy- 
uridine; ‘‘Hot’’—labeled with radioactive isotope; ‘“‘Cold’’—not labeled with radioactive isotope; 
‘“Heavy’’—substituted with heavy density marker 5BU; ‘‘Light’’—not substituted with heavy 
density marker 5BU; Replicative DNA—A moiety of parental, labeled DNA which, due to 
acceptance of a new strand of different density, can be clearly separated in CsCl gradient from the 
conservative moiety. 
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RECONSTITUTION OF IMMUNOLOGIC ACTIVITY BY INTERACTION 
OF POLYPEPTIDE CHAINS OF ANTIBODIES* 


By G. M. Epevman, D. E. Ours, J. A. GALLY, AND N. D. ZINDER 
THE ROCKEFELLER INSTITUTE 
Communicated by Theodore Shedlovsky, July 24, 1963 


In a previous publication' it was proposed that the capacity of antibodies to com- 
bine specifically with different antigens might result from interactions of separate 
polypeptide chains in the antibody molecule. 7S antibody molecules contain two 
types of polypeptide chains:'~* L (light) chains with molecular weights of ap- 
proximately 20,000 and H (heavy) chains with molecular weights in the neighbor- 
hood of 60,000.5° L chains are contained in the active fragments produced by 
hydrolysis of antibodies with papain.‘~? The L chains of antibodies of different 
specificities differ in their patterns of separation by starch gel electrophoresis in 
urea.’ Moreover, L chains are the common structural elements* ° of the various 
classes of y-globulins (y, yia, Yi), all of which are known to contain antibodies. 

These observations prompted the suggestion that “similar or different L chains 
interact through weak forces with each other or singly with H chains to form the 
combining region.’’!' The present communication describes some experimental re- 
sults which support this hypothesis. Most of the experiments were performed using 
antibacteriophage antibodies since the assay of phage neutralization measures 
activity over a wide range with high sensitivity. After separation of the L and H 
chains of specifically purified guinea pig antibodies directed against f1 bacteriophage 
and f2 bacteriophage, the neutralizing activity of the chains declined to low levels. 
Mixing the L and H chains resulted in partial restoration of activity. Confirma- 
tory data were obtained using antibodies directed against the dinitrophenyl (DNP) 
group, measuring the binding of this hapten by equilibrium dialysis. Similar re- 
sults on the reconstitution of equine antibodies have been reported recently by 
Franék and Nezlin.!°"! 

Materials and Methods.—Proteins, antigens, and immunization procedures: Pure f1 bacteriophage 
was obtained as described by Zinder et al.!2 The methods of isolation of pure f2 bacteriophage 
have also been described.!* Guinea pig y-globulin and rabbit y-globulin were isolated by zone 
electrophoresis of serum on starch.'* Dinitrophenyl-bovine serum albumin was prepared using 
the method of Farah et al.“ The procedure of immunizing the guinea pigs has been detailed.* 
Each animal received initial injections-in the footpads of a total of 0.4 mg of bacteriophage in 
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complete Freund’s adjuvant. Subsequent intradermal injections of 0.4 mg of bacteriophage 
were given weekly in the skin of the back. 

Isolation of antibodies: Except as noted, the antibodies were obtained from the sera of individual 
guinea pigs. Anti-DNP antibodies were isolated as described previously.’ Purified antibodies 
directed against f2 phage were isolated using the method of Singer et al.'© The same method was 
employed to purify the antibodies to rabbit y-globulin. The following procedure was used to 
purify antibodies to fl phage: immune precipitates formed near equivalence were washed three 


times with phosphate buffer, pH 7.0, [/2, 0.2. They were then treated with glycine sulfate buf- 


fer, pH 2.4, ['/2, 0.35 to dissociate the complexes, and the preparations were centrifuged for 90 
min at 78,000 X g to remove the phage. The supernate was neutralized with phosphate buffer, 
pH 7.0, 1/2, 1.0, and dialyzed against 0.15 NV NaCl. After centrifugation to remove the small 
amount of precipitate formed, the preparation was concentrated by ultrafiltration. 

Tests for the purity of the antibody preparations included immunoelectrophoresis and double 


diffusion in agar which were performed as previously described.‘ 

Reduction and alkylation of the purified antibodies and separation of L and H chains: Reduction 
and alkylation followed the description of Edelman and Poulik.? '/2 % protein solutions were 
reduced for 2 hr at room temperature in phosphate buffer, pH 7.0, 1/2, 0.04 made 0.1 M in 2 
The reaction mixtures were made 0.2 M in iodoacetamide, and after 10 min 


mercaptoethanol. 
at room temperature they were dialyzed against 0.5 M propionic acid. 

Separation of the chains followed the procedure of Fleischman et al.” Five to 10 mg of reduced 
alkylated antibody was filtered through 100 X 1.5 cm or 100 X 1 em columns of Sephadex G-100 
in 0.5 N propionic acid. The sample was applied in 1.0-1.5 ml volumes, the flow rate was 4.0- 
8.0 ml per hour, and 2.0 ml fractions were collected. The eluate was monitored by measuring ab- 
sorbancy at 280 mu. The purity of the fractions was tested by starch gel electrophoresis in urea.* 
Selected fractions obtained by gel filtration were pooled while still in propionic acid and dialyzed 
at 4°C against several changes of phosphate buffer, pH 7.0, ['/2, 0.04 made 0.15 N in NaCl. In 
most of the mixing experiments, the L and H chain fractions were pooled in the ratio of the yield 
of absorbancy units given by the gel filtration patterns. When Lor H chain fractions of two dif- 
ferent antibody preparations were mixed, all of the dissociation and separation procedures were 
carried out simultaneously. 

For clarity in presentation, the original specificity of the antibodies from which the chains are 
derived is denoted in parentheses next to the designation of the chain type, e.g., L(fl) or H(f1). 
Homologous mixtures are denoted: L(fl) + H(fl). Hybrid mixtures are denoted: L(fl) + 
H(f2) or L(f2) + H(f1). 

Assay of bacteriophage neutralization: 
assumption is that, in antibody excess, phage inactivation follows the relationship: —In (p/po) = 
Ket. pois the plaque count at zero time; p is the plaque count at ¢ min; cis the antibody concen- 
tration in units of absorbancy at 280 my, and K, the rate constant, is expressed per minute per 
unit absorbaney at 280 my. fl and f2 phage neutralization was found to obey this relation over 
several decades of neutralization (see Fig. 3). Phage concentrations and dilutions were chosen 
so that at any point in the determination at least 200 plaques of residual phage could be counted 
in each replicate plate. This high plaque number diminishes the sampling error. 

Eauilibrium dialysis: One to 2.5 mg of the protein in 2.5 ml of 0.15 N NaCl were placed in one 
chamber of the apparatus. To the chamber on the opposite side of the membrane ( Visking 23/32 
casing) 2.5 ml of 0.15 N NaCl was added. 250 ul of 3.9 x 107-5 M C!4 dinitrophenol (specific 
activity luc/uM) was added to each chamber and the apparatus was placed at 4°C for 48 hr 
without stirring. 100 ul aliquots from each compartment were counted in a liquid scintillation 
counter, and 24 hr later additional 100 ul aliquots were counted to ensure that equilibrium had 
been reached. The fluid from the compartment containing only hapten was replaced by 2.5 ml 
of 0.15 N NaCl and after 72 hr at 4°C, 250 ul aliquots from each chamber were counted. This 
procedure was repeated one more time. The data were plotted as difference in counts per minute 
across the membrane against the ratio between this difference and the counts per minute on the 
side containing only hapten. After extrapolation to infinite hapten concentration, it was calcu- 
lated that approximately 0.5 sites were occupied per mole of native antibody. 

Results.—The purified antibodies directed against fl bacteriophage and f2 
bacteriophage were free of contaminating serum proteins. This was shown by im- 


This assay method has been described in detail."* The 
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munoelectrophoretic analyses using rabbit antisera against whole guinea pig serum 
and against isolated guinea pig y-globulin 
(Fig. 1). The immunologic and starch 
gel electrophoretic analyses indicated that 
the antibodies were of the 7S y class. 
Two patterns of separation of the chains 
of partially reduced alkylated antibodies 
were obtained after filtration. The first 
type (Fig. 24) showed two incompletely 
resolved peaks followed bv a well-resolved F IG. 1. —Immunoelec ‘trophoresis and dou- 
Be ‘ie 9 ble diffusion in agar of preparations of purified 
peak. The second type (Fig. 2B) showed guinea pig antibodies. (a) Immunoelectro- 
no resolution of the first two peaks. Both — phoresis using rabbit antiserum directed 
- against guinea pig serum; (b) immunoelectro- 
types of patterns were found for different phoresis using rabbit antiserum directed 
antibody preparations directed against f1  #ainst guinea pig y-globulin; (c) double dif- 
F 9 : fusion in agar. Central well contained rabbit 
phage and f2 phage. Depending on the  antise rum directed against guinea pig serum. 
pattern obtained, the H chain fraction ¥ = guinea pig y-globulin; Ab (fl) = anti- 
bodies against {1 phage; Ab (f2) = antibodies 
was taken either to be the second peak against {2 phage; N.S.’ = normal guinea pig 
(Fig. 2A) or the trailing portion of the serum. 
first peak (Fig. 2B). The L chain 
fraction consisted of the major portion of the well-resolved and most retarded peak 
in each case. As shown by starch gel electrophoresis in urea (Fig. 2C), this fraction 
appeared to be free of H chains and of undissociated material. The H chain 
fractions contained material of higher molecular weight which was also present in 
earlier fractions, regardless of the type of separation pattern. 
Phage neutralization by anti-f1 antibodies, by the separated chain fractions, and 
by mixtures of the chain fractions is illustrated in Figure 3. Reduction and alkyla- 
tion of the antibodies caused slight diminution of phage-neutralizing activity. A 


\N 


} ae 
fer ei ee 


Fic. 2.—Separation of H and L chain fractions from reduced alkylated antibodies by gel filtra- 
tion on Sephadex G-100 in 0.5 N propionic acid. (A) Reduced alkylated anti-f1 antibodies; (B) 
reduced alkylated anti-f2 antibodies; (C) starch gel electrophoresis of fractions from Fig. 2B. 
I = first fraction; H = H chain fraction; L = L chain fraction; Ab-RA = reduced alkylated 


antibodies; Asso = absorbancy at 280 mu. 


greater loss of neutralizing activity occurred when partially reduced alkylated anti- 
body was exposed to 0.5 N propionic acid for the same time and at the same tem- 
perature as the sample that was subjected to gel filtration. L(fl) chains showed 
little or no neutralizing activity wheras H(f1) chain fractions showed low levels of 
activity. The mixture of chains showed enhancement of activity of about fourfold 
over that expected if there were no interaction. 
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Results of a similar experiment in which homologous and hybrid mixtures of 
chains from anti-fl and anti-f2 anti- 

TABLE 1 bodies were compared are given in 
RECONSTITUTION OF ACTIVITY OF Table 1. At the levels tested, there 


ANTIPHAGE ANTIBODIES : aeone .e : 
K (per minute per unit sbsorbancy WAS NO cross-reactivity of the two 
at 380 ma) antibody systems or of their sepa- 


8 | fl tralizati f2 neutralization : 
Ab (f1) . 5300 oe rated chain fractions. In both sys- 
Ab (f1) — RA* 1,900 0 tems, reduction and alkylation led to 
Ab (f1) — RAP* 190 0 d : beadigl tivit 
H (f1) 19 0 a drop in neutralizing activity. 
L (f1) 0.9 0 Reduced alkylated antibodies ex- 
Ab (£2) 0 230 ts sear a saa 
Ab (f2) — RA 0 140 pose 0 ihe tanauuaes sata ” 1owed & 
Ab (f2) — RAP 0 58 marked drop in activity. Both 
2 ( 9.2 ‘ ; . 
9 pe ) ; 1 : H(fl) and H(f2) chain fractions had 
= 1) + + 1) = (9.6)f , some residual activity, whereas the 
ATZ » (9.6 ( ° aS . x" 
an 7 fi} - ») 11 (4.6) L chains were minimally active in 
H(f2) + L(f2) 0 14 (4.6) both cases. 
* Abbreviations: Ab = antibody (Ab (f1) and Ab (f2) Homologous mixtures of H(fl) 
were isolated from two different guinea pigs); RA = re- . . 
duced alkylated; RAP = reduced and alkylated and exposed and L(f1) fractions showed a fivefold 
to propionic acid for the same length of time as the separated ae 
fractions. : : Ah aie enhancement of activity over that 
p ibers » t t tivity exp ri 
the amount of H chain fraction present in the mixture. expected for the amount of H(f1) 
chains present in the mixture. 
H(fl) + L(f2) hybrid mixtures showed a twofold enhancement, whereas H(f2) + 
L(fl) hybrids were inactive against fl bacteriophage. In the f2 system, H(f2) + 


L(f2) mixtures showed a threefold enhancement of activity; hybrid H(f2) + L(f1) 


Fig. 3.—Phage neutralization by anti-fl antibodies, 
chain fractions, and mixtures. Ab (fl) = antibody 
against fl phage isolated from pooled sera of two 
animals; Ab (f1) RA = reduced alkylated antibody; 
Ab (f1) RAP = reduced alkylated antibody exposed to 
0.5 N propionic acid; H (fl) = H chain fraction; L (f1) 
= L chain fraction. Numbers in italics refer to K, 
the rate constant expressed in dimensions of per min- 
ute per unit absorbancy at 280 my (see Materials and 
Methods). The measured points determining the line 
= L (f1) fall outside the graphed region and are not 
shown. 


mixtures showed a twofold enhancement. H(f2) + L(f2) and H(fl1) + L(f1) mix- 
tures were active only against the homologous antigens. 

In a separate experiment, H(f2) + L(f2) mixtures were found to be ten times as 
effective in neutralization as mixtures of H(f2) with L chains from purified guinea 
pig antibodies directed against rabbit y-globulin. Hybrid mixtures of H(f2) chain 
fractions with L chains of the nonspecific y-globulin from the same animal were only 
one seventh as effective as homologous H(f2) + L(f2) mixtures. 

Results consistent with those shown in Figure 3 and Table 1 were found upon 
measuring the phage-neutralizing activity of each tube obtained by gel filtration of 
reduced alkylated anti-f1 antibodies (Fig. 4). The highest activity was found in 
the material from the first peak. Less activity was found in the H chain frac- 
tion, and another small peak of activity was found in the region between the 
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H and L chain fractions. No activity was seen 
in the L chain fraction itself. The high activity 
in material from the first peak was correlated 
with the presence of incompletely dissociated 
antibodies as shown by starch gel electro- 
phoresis. The region between the H and L 
fractions would be expected to contain both 
types of chains and therefore also the reconsti- 
tuted activity. 

In several other experiments phage neu- 
tralization was observed when reconstitution 
was attempted using antibodies of completely 
unrelated specificities as starting material. For 
example, L(f1) chains from certain preparations 
were found to neutralize f2 phage, and this 
neutralization was enhanced when either L(f1) 
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Fic. 4.—Activity in chain fractions 
of anti-f1 antibodies (Sephadex G- ov 
in 0.5 N propionic acid). O——O ab- 
sorbancy at 280 mu; @——-® activity 
in terms of K. On right are given the 
K values of the untreated antibodies 
Ab (f1), the reduced alkylated anti- 
bodies Ab (f1) RA, and the chain mix- 
ture H(fl) + Lifl). The antibodies 


+ H(fl) or L(f1) + H(f2) mixtures were used. 
Furthermore, the mixture H (DNP) + L 
(DNP) showed measurable amounts of phage 
neutralization (Table 2), although the neutralization by Ab (DNP) and the H 
(DNP) and L (DNP) chains was at much lower levels. It should be stressed, how- 
ever, that the neutralization of {2 phage by mixtures of chains from apparently 
unrelated antibodies was at lower levels than that of mixtures of the chains of ho- 
Moreover, H chain fractions from nonspecific guinea pig y- 
0.3). 


were isolated from pooled sera of four 
animals. 


mologous antibodies. 
globulin showed low levels of neutralization (K = 


TABLE 2 


f2 PHAGE NEUTRALIZATION BY MIXTURES OF 
CHAINS FROM ANTI-f2 AND ANTI-DNP 
ANTIBODIES 


K (per minute per unit 
absorbancy at 280 my) 


860 — 


TABLE 3 


BINDING OF C'™ DINITROPHENOL BY 
AntTI-DNP ANTIBODIES AND THEIR 


Sample 
POLYPEPTIDE CHAINS 


Ab (f2) 

Ab (f2) — RAP* 

H (f2) 

Ab (DNP) 

H (DNP) 

L (DNP) 

H(f2) + L(f2) 

H(f2) + L(f2) salinet 
H(f2) + L(DNP) 
H(DNP) + L(f2) 
H(DNP) + L(DNP) 


* RAP = reduced and alkylated; 
propionic acic 
Numbers in parentheses refer to activity expected 
from the amount of H chain fraction present in the mix- 
ture. 
t Fractions were mixed after dialysis against 0.15 N 
NaCl + phosphate buffer pH 7.0, I'/2, 0.04. 


epm boundt 
900 
790 
710 
480 
380 


Sample 
Ab 
Ab — P* 
Ab — RA* 
Ab — RAP* 
H(DNP) 
L(DNP) <200 
H(DNP) + IL{DNP) 580t 


P = exposed to 0.5 N propionic 


(1.8)f 
(1.8) 
(1.9) 
(0.15) 
(0.13) 


exposed to 0.5 N 


* Abbreviations: 
acid; RA = reduced and alkylated; RAP = reduced 
and alkylated and then exposed to 0.5 N propionic 
acid; Ab = antibody. 

t cpm bound = counts per minute calculated to be 
bound per unit absorbancy of protein at 280 my after 
extrapolation to infinite hapten concentration. 

t The maximal value expected if the contributions 
of it and L chains were only additive is 340 cpm per 
unit absorbancy at 280 my. The ratio of absorbancies 
of H chains to L chains in the mixture was 4:1. 


As shown in Table 2, the mixture of H(f2) and L(f2) chains after dialysis against 
saline was less effective in phage neutralization than mixture in propionic acid 


followed by dialysis. Otherwise, the results were similar to those in Table 1. 
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Reconstitution of antibody activity in a system measuring binding directly 
was observed using purified anti-DNP antibodies. The results of an equilibrium 
dialysis experiment in which C' dinitrophenol was the hapten are given in Table 
3. Reduction and alkylation of the antibody or exposure of untreated antibody 
to 0.5 N propionic acid resulted in slight diminution of binding activity. As in 
the experiments utilizing antiphage antibodies, exposure of the reduced alkylated 
antibody to propionic acid resulted in a considerable drop in activity. The H 
chain fraction retained some binding affinity as did the L chain fraction. The 
H (DNP) + L (DNP) mixture showed an increase in affinity of 1.7 times that ex- 
pected if the H (DNP) fraction and L (DNP) fraction were binding without inter- 
action. The H (DNP) + L (DNP) mixture showed 64 per cent of the binding of 
untreated antibody. The native antibodies, chain fractions, and mixtures all had 
association constants of the same order of magnitude (approximately 10°1/mole). 

Discusston.—The aim of the present study was to determine whether chain 
interaction influences the activity and specificity of antibodies. For this purpose, 
we chose three unrelated systems of purified guinea pig antibodies: anti-fl phage, 
anti-f2 phage, and anti-DNP. The antibodies, their separated L and H chains, 
and homologous and hybrid mixtures of the chains were tested for activity by 
assay of phage neutralization and in some cases by equilibrium dialysis. Before 
discussing the implications of the experimental results, we wish to stress that 
the two assay methods may not test the same functions of antibodies. The assay 
of phage neutralization is a kinetic test which measures binding, but in addition 
may depend upon functions of the antibody molecule other than binding. Equi- 
librium dialysis measures only the binding of hapten to proteins under conditions 
of thermodynamic equilibrium. This method has the advantage of testing binding 
directly, whereas the neutralization assay has the advantage of measuring an 
enormous range of activities with great sensitivity. 

As measured by both methods, specific antibody activity was partially restored 
by recombination of homologous H and L chain fractions, and these results strongly 
support the chain interaction hypothesis. Although only about 1-6 per cent of the 
original activity of native antiphage antibodies was recovered, the mixtures of 
H and L chain fractions were 2-10 times more active than any of the unmixed 
fractions. The level of activity reconstituted in the mixtures was approximately 
the same as the amount of activity remaining in reduced alkylated antibodies that 
had been exposed to 0.5 N propionic acid. 

Considerably greater reconstitution was obtained in the DNP system, as meas- 
ured by equilibrium dialysis. Up to 60 per cent of the original hapten-binding 
capacity was restored by mixing the L and H chain fractions. The difference in 
the degree of reconstitution of the antihapten antibodies and antiphage antibodies 
may result from differences in the heterogeneity of their polypeptide chains.* 
It may depend also upon the more stringent requirements of the phage assay 
methods, as emphasized above. 

In the experiments on the antiphage antibodies, the purity of the L chain frac- 
tions was indicated by starch gel electrophoresis, as well as by the fact that they had 
no activity. On the other hand, starch gel electrophoresis of the H chain fractions 
showed the presence of small amounts of incompletely dissociated material. This 
material may be responsible for the residual activity found in H chain fractions, 
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in view of the relatively high activities found in material from the first peak of the 
filtration pattern shown in Figure 4. Although this material may still contain 
interchain disulfide bonds, the mixing experiments indicate that interchain disulfide 
bonds are not absolutely required for partial reconstitution of activity. 

Homologous mixtures of chains (e.g., L(f1) + H(f1) using f1 phage as test antigen) 
were consistently more effective in reconstituting activity than hybrid mixtures 
(e.g., L(fl) + H(f2) or L(f2) + H(fl)). Most of the hybrid “ee pes 
mixtures showed reconstitution only when H chains from anti- z 
bodies originally directed against the test antigen were used. 

This was also observed by Franék and Nezlin” who concluded 

that the antibody specificity is determined by the H chain but the 

presence of the L chain is required for the formation of a fully 

active combining site. This conclusion would be fully warranted Fig. 5.—Hy- 

‘ : ? Ae Pe ee 2 pothetical mod- 

if L chains of different origin were equally effective in reconstitut- els of chain 

ing specific activity. The experiments revealed, however, that imteraction (xX 
‘ ‘ marks the vicin- 

homologous L chains are more effective than heterologous L _ ity of one anti- 

chains. This indicates that L chains also contribute to the spe- a combining 

cificity, a conclusion consistent with both the heterogeneity and 

the structural differences found among L chains of antibodies of different 

specificities.': * 

The activity and specificity of antibodies thus appears to be a complex fune- 
tion of the structure and interaction of both H and L chains. There are two 
different modes by which an active site might be generated through chain interac- 
tion, as illustrated diagramatically in Figure 5. Both types of chains might 
contribute amino acid residues directly to the site (shared site). On the other 
hand, interaction of one chain with another might result in formation of a stable 
binding region on only one of the chains (modulated site). In addition, both 
modes may operate together but to a different extent in different antibodies. 

The diagrams shown in Figure 5 are based on the assumption that the 7S antibody 
molecule consists of two L and two H chains.*~* If the molecule consists of 
four L and two H chains, the same basic mechanisms of interaction could occur. 
The present experimental data exclude the possibility of shared or modulated sites 
exclusively between two H chains. Among the remaining possibilities, the most 
probable would seem to be shared or modulated interaction between L and H chains. 

The type of experiment described here may not permit one to draw definite con- 
clusions about the relative contributions of the L and H chains to the specificity. 
For example, a modulated site on an H chain" might have been generated by interac- 
tion with one particular type of L chain. Stabilization of the active conformation 
may then arise from intrachain interactions (including disulfide bonds). Sub- 
sequent experimental removal of the L chain would not necessarily destroy the 
active conformation completely. Since L chains have certain common structural 
features,* * interaction of the H chains with L chains of different origin might lead 
to different degrees of reconstitution. 

Specific combining activity can result from interaction of more than one type 
of L chain with H chains derived from an antibody. This suggests that specific 
combining activity may arise from a variety of different chains. Several of the 
present observations indicate that such complex interactions are possible. Signifi- 
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cant levels of {2 phage neutralization were obtained with L (DNP) + H (DNP) 
mixtures, although the native anti-D NP antibody showed no neutralizing activity. 
In some experiments, L(f1) chains neutralized f2 phage, and the neutralization was 
enhanced by mixing L(f1) chains with either H (f1) or H(f2) chain fractions. In 
contrast, none of the chain fractions or mixtures from anti-f2 antibodies neutralized 
fl phage. H chains from normal y-globulins were also found to neutralize f2 
phage. In all of these experiments the neutralizing activity was lower than that 
of homologous mixtures of chains from anti-f2 antibodies. 

These observations suggest that y-globulins and antibodies originally showing no 
specificity for certain test antigens can yield chains which interact to form com- 
plexes capable of binding to those antigens. Classical notions of immunologic 
specificity imply that the test antigen and the immunogen have the same or closely 
related structures. It is not known whether the noncross-reactive antigens used 
in the present study share any structural features. Moreover, the test antigen 
may alter the conformation of interacting L and H chains derived from antibodies 
originally unrelated to the test antigen. Alternatively, among any given set of 
L and H chains, a great variety of interactions may be possible, and some may be 
capable of binding selectively to certain antigens. Experiments to decide among 
the various possibilities are in progress. 

Summary.—Dissociation of purified guinea pig antibodies against fl phage, 
f2 phage, and the dinitrophenyl group into L and H polypeptide chains led to a 
marked drop in the activity of the separated fractions. Mixture of the L and H 
chain fractions of the same antibody preparation resulted in partial reconstitution 
of activity as measured by phage neutralization or equilibrium dialysis. Re- 
constitution of activity against a given antigen was also found using mixtures of 
H chains from antibodies originally directed against that antigen and L chains 
from unrelated antibodies or y-globulin. In every case, however, the reconstitu- 
tion of activity was greatest when both L and H chains from the homologous 
antibodies were mixed. Mixtures of L chain fractions from homologous antibodies 
and H chain fractions from unrelated antibodies usually showed no activity. 
In some cases, however, activity was observed when L and H chains from antibodies 
originally unrelated to the test antigen were mixed. 

The results support the chain interaction hypothesis of antibody activity and 
suggest that both H and L chains contribute to immunologic specificity. 


* Supported by USPHS grant A-4256 from the National Institute of Arthritis and Metabolic 
Diseases. 
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THE ULTRAVIOLET PHOTOCHEMISTRY OF DEOXYURIDYLYL 
(3’>5') DEOXYURIDINE 


By C. W. Heuverner,* M. L. Pearson, ano H. E. Jouns 
ONTARIO CANCER INSTITUTE, AND DEPARTMENT OF MEDICAL BIOPHYSICS, UNIVERSITY OF TORONTO 


Communicated by M. Delbriick, July 19, 1963 


The work of Wacker et al.'! and Smith? has shown that, when uracil is 
irradiated with ultraviolet light (UVL), it is converted into two major photo- 
products, viz., 5-hydro-6-hydroxyuracil (the hydrate) and dimers in which two 
uracil moieties are linked by a cyclobutane ring connecting their 5 and 6 carbon 
atoms. Grossman? has shown that, when polyuridylic acid is irradiated with UVL, 
its coding properties are altered when it is used as a messenger in an in vitro poly- 


peptide synthesizing system. In this system it is not clear whether the observed 
effects are due to the production of uracil hydration products or dimers, or both. 
Investigating this question with polyuridylic acid is not easy. We have therefore 
studied the photochemistry of the model compound, deoxyuridylyl (3’—5’) de- 
oxyuridine (dUpU), which we assumed would have similar photochemistry to UpU 
but which is much easier to synthesize. Wierzchowski and Shugar‘ investigated the 
photolysis of uracil dinucleotides and found effects which can now be understood in 
terms of the formation of intramolecular dimers as well as hydration products of 
uracil. 

In the present paper the photoproducts produced on the irradiation of radioactive 
dUpU were separated by paper chromatography. Four major photoproducts were 
found, and the rates of production of these have been studied as a function of wave- 
length. 

Materials and Methods.—lIrradiations were carried out with a high intensity UV 
monochromator to be described in detail elsewhere. The instrument used as dis- 
persing elements a water preprism between the source (BH6, Hg arc) and entrance 
slit, and a blazed grating (blaze wavelength 200 mu) with dimensions 25.6 X 20.6 
em. The entrance and exit slits were 15 em high and 0.6 em wide, and the dis- 
persion was 4 my per cm at the exit slit. Light from the exit slit was collected by an 
f/1.2 mirror and focused at the center of a stoppered quartz cuvette. 

dUpU, labeled with P*? at an initial specific activity of approximately 10 me/- 
mmole, was prepared by condensation of 3’-O-acetyldeoxyuridine-5’-phosphate 
(made by a combination of the methods of Tener® and Smrt and Sorm®) with 5’-O- 
trityldeoxyuridine’ in the presence of dicyclohexylearbodiimide (Gilham and 
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Khorana’). The dUpU was irradiated in the form of the ammonium salt dissolved 
in 0.005 M potassium tartrate buffer (pH 4.5) at a concentration of 10-4 M. The 
solution was stirred magnetically. 

Energy calibrations were performed using malachite green leucocyanide. The 
optical density of the cell was followed as a function of dose, and the average flux 
density L expressed in microeinsteins per em? was calculated by the method de- 
scribed by Johns et al.’ The quantity L gives the photon flux to which each mole- 
cule in the cell is exposed, assuming complete mixing. The amount of photo- 
product produced as a function of dose expressed in this way should be identical to 
the amount produced when a “thin” solution is irradiated in a parallel beam of the 
same flux density. 

The photoproducts of dUpU were separated by paper chromatography in a sys- 
tem similar to that of Moscarello et al.* with the paper and solvent buffered at pH 
4.5 with potassium tartrate-tartaric acid. The photoproducts had been found in 
previous experiments to be thermally stable at this pH during the period of the ex- 
periment. 

The radioactive compounds on the paper chromatograms were located by means 
of autoradiography on Kodak KK X-ray film. The radioactive spots were cut out 
and counted directly in a liquid scintillation counter. 

Results.—When dUpU was irradiated at any wavelength between 230 and 290 mu, 
four major photoproducts were well separated on the chromatogram. A number of 
less well-defined spots appeared at large doses, but this report will be concerned only 
with the four major products which we will refer to as compounds 1-4 in order of 
increasing R; and which are described in Table 1. 


TABLE 1 
CHARACTERIZATION OF THE Four Masor Puoropropucts or dUpU 


Compound Relative Tris buffer Irradiation Molar Tentative 
ph 8, 85° at 254 my extinction identification 
5 hr coefficient 
at 261 myz 
0.44 Little change Rapidly converted to <103 Dimer 1 
dUpU and com- 
pounds 4 and 3 
.60 Slow conversion to Rapidly converted to <108 Dimer 2 
two products of dUpU and com- 
lower Ry pounds 4 and 3 
Rapidly converted to No change <10 Double 
compound 4 and hydrate 
dUpU 
4 8! Rapidly converted to Converted to com- 1 X 104 Single 
dUpU pound 3 hydrate 
dUpU No effect Converted to fourma- 2 X 104 — 
jor photoproducts 


no. 


In order to obtain enough of each of the four photoproducts for characterization 
a large sample of dUpU was irradiated with a germicidal lamp. The irradiated 
solution was streaked onto chromatography paper, and the chromatogram was de- 
veloped in the usual way. The bands corresponding to the four photoproducts were 
eluted with water, and the absorption spectrum for each was measured. Each com- 
pound was then tested (a) for its thermal stability by heating at 85° for 5 hr in 0.1 
M tris buffer (pH 8), and (b) for stability toward reirradiation at 254 my. After 
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each test the samples were rechromatographed and the results are summarized in 
Table 1. 

Compounds (1) and (2) had negligible absorbance at 261 my, were stable to heat, 
but were readily converted by reirradiation at 254 my to dUpU and compounds (3) 
and (4). Compound (3) also had negligible absorbance at 261 mu. Compound 
(4) had an absorption spectrum similar to that of dUpU but with half its molar ex- 
tinction coeificient. Compounds (3) and (4) were both rapidly converted to dUpU 
on heating. Compound (3) was unchanged by irradiation while compound (4) was 
converted to compound (3). 

The fact that compounds (1) and (2), when separated from the parent compound, 
could be reconverted to dUpU by irradiation at the same wavelength is good evi- 
dence that these compounds contained a uracil dimer. Studies on dinucleotides of 
thymidylic acid*®: '° have shown that an equilibrium between the dimerized and the 
undimerized forms of TpT is established by irradiation, and that at each wave- 
length there is a characteristic equilibrium ratio. Compounds (1) and (2) of dUpU, 


which we will refer to as dimer 1 (dUpU’) and dimer 2 (dUpU’’) behave in a similar 
way, although the equilibrium values are quite different from the corresponding 
values in TpT. 

The properties of compounds (4) and (3) suggest that they are the water addition 
compounds of dUpU with, respectively, one and both of the uracil residues con- 
verted to 5-hydro-6-hydroxyuracil. The compound with a molecule of water added 
to one uracil residue will be referred to as the single hydrate and be represented by 
dUpU*, and the corresponding molecule with both uracil residues converted to the 
water adduct as the double hydrate represented by dU*pU*. Evidence for the 
identification of compounds (3) and (4) is as follows. Compound (3) has no UV 
absorption, whereas compound (4), the single hydrate, has half the absorption of 
dUpU per phosphorous atom. They are both heat-labile with the double hydrate 
going to the single hydrate and the single hydrate reverting to dUpU. In addi- 
tion, further irradiation of the single hydrate converts it to the double hydrate, 
whereas the double hydrate is insensitive to irradiation. 

Kinetic studies on the formation of the various photoproducts found by irradia- 
tion indicate that the photoproducts are produced according to the following 
scheme. 

—~ Ko Koz a 
dUpU’ Ss dUpU —dUpv’” 
oo ee 
dUpU* (4) 
| Kas 
dU*pU* (3) 

Typical data for the production of the four photoproducts as a function of dose at 
230 mu and 280 my are shown in Figure 1. It will be noted first that at 230 mu 
the formation of ‘single hydrate’’ proceeds initially more slowly than does that of 
“dimer 1,”’ whereas at 280 my the reverse is true. Secondly, “dimer 2” is made at a 
fraction of the rate of “dimer 1” at either wavelength. Finally, the form of the 
curve for the production of ‘double hydrate”’ (concave upward, seen more clearly at 
280 my) is consistent with the supposition that it is derived from the single hydrate. 
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Fig. 1.—Graphs showing the production of the single hydrate dUpU*, the double hydrate 


dU*pU*, dimer 1 dUpU’ and dimer 2 dUpU” as a function of the flux averaged throughout the 
cell for wavelengths of 230 and 280 mu. 


The cross sections for the formation of each of the “dimers” and of “single hy- 
drate’’ were obtained by measuring the initial slopes of growth curves such as those 
shown in Figure 1, and calculating the number of molecules of dUpU converted into 
each of these forms by unit photon flux at each wavelength. The cross sections ob- 
tained in this way are shown in Figure 2. Note that at 263 my the cross section 
for the production of dimer and the hydrate are equal. At all wavelengths the cross 


» 2 ames! Ua 
: j 
Single hydrate | 
=O suet 
Guner 2 a 
@UpU 


_— 


QUANTUM YIELD 


WAVELENGTH my 220 230 240 250 260 2% 280 290 300 
WAVELENGTH A 
Fig. 2.—Cross sections expressed 
in cm?/microeinstein as a func- Fic. 3.—Quantum yield as a 
tion of wavelength for the produc- function of wavelength for the 
tion of the single hydrate dUpU*, production of the single hydrate 


dimer 1, dUpU’, and dimer 2 dUpU*, dimer 1 dUpU’, and dimer 


oes 


Fas —~ 
dUpU’. 2, dUpU” from dUpU. 


section for the production of dimer 2 is less than that for dimer 1 and for the single 
hydrate. 

If the production of the double hydrate required the absorption of two photons, 
one would expect the double hydrate curve to be concave upward. In addition, if 
dU*pU* is always produced from dUpU*, then the rate of growth should be pro- 
portional to the amount of dUpU* present in the irradiation mixture. Thus, 
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d[dU*pU*] 


aL = KuldUpu*!. 


This may be integrated to yield 


(dU*pU*] = Ku f% [dUpU* dL. 


Thus, a plot of the concentration of the double hydrate after any dose L as a func- 
tion of the area under the single hydrate curve between 0 and the same value L 
should yield a straight line with slope K;;.. When the data was analyzed in this way, 
good straight lines were obtained for wavelengths longer than 253 my, yielding 
values of K;; which at each wavelength were equal to 0.5 Kos. 

For wavelengths less than 253 my a similar plot failed to yield a straight line, 
indicating that there may be a second mechanism for the production of dU*pU*. 
This is further supported by the data of Figure 1 (left side) where the growth curve 
of the double hydrate versus dose seemed more linear than would be expected 
on a 2-hit phenomena. It may be that at these lower wavelengths there is enough 
energy in one photon to hydrate the double bond in each of the uracil moieties 
through energy transfer. Unfortunately, the yield of the double hydrate at 230 
mu is very small (only 1.5% after large doses) and on the chromatogram the double 
hydrate spot tends to be lost in the tail of the single hydrate. Hence the experi- 
mental verification of this hypothesis is difficult. 

In order to obtain the quantum yields for the production of the two dimers and 
the single hydrate from dUpU, the cross sections for their production were divided 
by the cross section for absorption in dUpU.'' Results are given in Figure 3. 
These quantum yields expressed in molecules converted per photon absorbed give 
the probabilities for the production of the various photoproducts after the photon 
has been absorbed by the dUpU. From Figure 3 it is evident that a photon of 275 
my absorbed in the dUpU molecule will have twice the probability of causing the 
formation of “hydrate” as of forming “dimer 1,”’ while at 240 my the probabilities 
are reversed. The probability of formation of “dimer 2” is at all wavelengths less 
than that of either of the other two photoproducts. At long wavelengths the quan- 
tum yield for the production of dU*pU* from dUpU* is equal to the quantum yield 
for the production of dUpU* from dUpU. This follows from the fact that Ky = 
'/sKog and that the absorption cross section for the single hydrate is '/2 that of 
dUpU. 

Discussion.—It seems likely that “single hydrate” is really a mixture of two 
sequential isomers, dU*pU and dUpU*, but the chromatographic system used 
showed no evidence of any resolution of spot 4 into two spots. 

The formation of two species of photoproducts from dUpU having the properties 
of dUpU with the uracil rings joined as in uracil dimer is reasonable. Wulff and 
Frankel’? have discussed the stereoisomerism of thymine dimers, and a similar argu- 
ment applies to uracil. Of the four possible uracil dimers corresponding to the four 
thymine dimers (considering pairs of enantiomorphs as single compounds), only 
two (dimers I and IT of Wulff and Frankel) are likely to exist in dUpU, since it is 
very difficult to construct models of dUpU in which the uracil moieties are joined 5 
to 6 and 6 to 5. From the data at hand it is impossible to equate our dimers with 
the various possible isomers. Also at the moment we do not know whether one or 
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both of the dimers found here can be produced by irradiating polyuridylic acid. 

It is instructive to compare the photochemistry of TpT (in actual fact dT pT) and 
dUpU. It is known that when TpT is irradiated at 280 my the reaction proceeds 

Ye 

until 90 per cent of the TpT is in the form of TpT dimer, while at 230 my equilib- 
rium occurs with 2.5 per cent in the dimer form (unpublished data). If then TpT 
is first irradiated at 280 my until, say, 10 per cent is converted to the dimer, re- 
irradiation a at 230 my will uncouple dimers, and the concentration of dimer will ap- 
proach the 2.5 per cent equilibrium value. At equilibrium the concentrations are 
such that 


ita 

K;[TpT] = Ky [TpT] (4) 
where K; and Ky are the forward and backward cross sections. The equilibrium 
concentrations and Ky, can be found by irradiating to large doses. In dUpU, how- 
ever, equilibrium in the sense described by equation (4) does not occur, since the 
dUpU is continually drained off as hydrate, and it is thus difficult to determine 
either Kyo or Keo (equation 1). Accurate determinations of these depend upon the 
isolation of the dimers and reirradiation in the absence of dUpU. Nevertheless, from 
Figure 1 we can estimate that the maximum concentration of dimer 1 is of the order 
of 10 per cent at 230 mu. This is at least 4 times as large as the corresponding 
equilibrium dimer concentration in TpT. Similarly from Figure 1 it is seen that 
the maximum concentration of dimer 1 is about 12% upon irradiation at 280 myz. 
This is much less than the 90% value obtained with TpT because of the rapid 
conversion of dUpU to its hydrates on irradiation at 280 my. From this discus- 
sion it is evident that dimers produced between two adjacent uracil residues in a 
polynucleotide chain cannot be as readily reversed by reirradiation at a shorter 
wavelength as can the corresponding dimers between adjacent thymines. Further 
work along these lines is required to evaluate the effects of uracil dimers and hydrates 
on the coding properties of polyuridylic acid used as a messenger in polypeptide syn- 
thesis. 

Summary.—Deoxyuridyly] (3’ — 5’) deoxyuridine has been irradiated with ultra- 
violet light. Four major photoproducts have been separated. ‘Two appear to 
contain uracil dimer groupings; the other two seem to have, respectively, one and 
both uracil moieties converted to 5-hydro-6-hydroxyuracil. The quantum yields 
for the production of these compounds are such that at longer wavelengths the 
production of hydrates is favored, while at shorter wavelengths the production of 
dimers proceeds more efficiently. 
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BACTERIAL SYNCHRONIZATION BY SELECTION OF 
CELLS AT DIVISION 


By CuHarues E. HELMSTETTER* AND DONALD J. CUMMINGS 
NATIONAL INSTITUTE OF NEUROLOGICAL DISEASES AND BLINDNESS, BETHESDA, MARYLAND 
Communicated by Raymond E. Zirkle, August 26, 1963 


Since Maruyama and Yanagita! first described a filtration method for obtaining 
synchronously dividing bacteria, a number of reports?~> have appeared utilizing 
this approach. Basic to the filtration technique were the assumptions that the 
bacteria played a passive role during filtration and that synchronous growth was 
achieved by the principle of selection by size. However, in the course of in- 
vestigations to improve the reliability and increase the yield of the technique as 
used by Helmstetter and Uretz,‘ a new principle for bacterial synchronization be- 
came apparent. ‘This principle involves (1) the fact that a bacterium will bind to a 
variety of surfaces and (2) the ability of the cell to divide while bound to these 
surfaces. If a population of bacteria could be irreversibly bound to a surface while 
growth medium flowed past the surface, the only cells which would appear in the 
medium would be those new daughter cells which were not involved in the attach- 
ment of their parent cells to the surface. Since the cells bound to the surface 
would be growing, the unbound sister cells which elute from the surface would be 
representative of the youngest* cells in a log phase culture. Under the proper con- 
ditions, new daughter cells could be removed for extended periods of time from the 
population growing on the surface, and these cells would grow synchronously. 

The purpose of this report is to describe a technique for the continuous removal of 
new daughter cells from a growing culture and to present evidence that this tech- 
nique operates by the principle stated above. 

Materials and Methods.—Bacteria and growth conditions: The organism used was Escherichia 
coli strain B/r (ATCC 12407). The minimal medium contained NH,Cl, 2 gm; NasHPO,, 6 gm; 
KH,PO,, 3 gm; NaCl, 3 gm; MgSO,, 0.013 gm; NaSO,, 0.011 gm; and glucose, 5 gm in 1 liter 
of distilled water. In preparation for each experiment, an inoculum of the bacteria from a nutrient 
agar slant was grown to saturation in nutrient broth at 37°C. A 0.1-ml sample from this culture 
was inoculated into 100 ml of the minimal medium and incubated for 24 hr at 37°C. A 0.2-1.0- 
ml sample of a 100-fold dilution of the 24-hr culture was then inoculated into 5-10 liters of mini- 
mal medium and incubated with aeration at 37°C. After 17-20 hr the culture was in exponential 
growth at a titer of 2 X 10’ to 2 x 108 bacteria/ml. One liter of this culture was used to inoculate 
the synchronization apparatus, and the remainder was filtered through a 0.65-y-pore, 152-mm- 
diameter Millipore filter and used for washing and eluting the cells in the synchronization ap- 
paratus. This filtered medium will hereafter be called conditioned medium, 
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Synchronization: A schematic diagram of the synchronization apparatus is shown in Figure 1. 
It was essentially a two-section stainless steel funnel coupled to a recirculating device. The bind- 
ing surface for the cells lay on a fine screen which was clamped between the upper and lower sec- 
tions of the funnel. The binding material used was Whatman cellulose anion exchangers in the 
paper form which were cut to 15-cm-diameter circles. The exponential phase cells were bound to 
the anion exchanger by passing the culture through the paper under low pressure (1-3 Ib/in?) so 
that the flow rate was approximately 100 ml/sec.?. Most of the bacteria passed through the ex- 
changer and were discarded. The anion exchanger was then washed as is described in detail 
below. Elution was carried out in a continuous fashion by recirculating the eluent with a Sigma- 
motor OV-22 Kinetic-Clamp pump. Cells were prevented from re-entering the anion exchanger 
by passing the recirculating eluent through a 0.65-y-pore, 152-mm-diameter Millipore filter. A 
few aminoethyl-cellulose papers were always placed below this Millipore filter to stabilize any ef- 
fects on the growth medium caused by the introduction of ion-exchange material. The elution 
rate was maintained reasonably constant since ‘‘bound” cells would only remain bound under 
steady-state flow conditions. The elution was controlled either by adjusting the height of the 
fluid column above the anion exchanger or by setting the pumping rate in a closed system. Samples 
were taken directly from the eluent and not the recirculating pool. All of these operations were 
performed in a 37°C room. 

For studies on the properties of this system (Figs. 2-5), the number of ion-exchange papers was 
varied between 1 and 8, and these were inoculated with 1 liter of an exponential phase culture at 
6 X 10’ bacteria/ml unless otherwise specified. The exchanger was then washed with 1 liter of 
conditioned medium. The wash step was performed by applying and releasing a differential 
pressure at approximately 350-ml intervals until all of the washing fluid had passed through the 
exchanger. The flow rate was 100 ml/sec. The elution medium for these experiments consisted 
of a mixture of one part conditioned medium and one part fresh minimal medium unless otherwise 
specified. 


Membrane 
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Elution 
Medium 


Jt 
Pump; Pp 
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BACTERIA/ML x 1075 
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Pool —*7 
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Fic. 1.—Schematic diagram of 

-he synchronization apparatus. Fic. 2.—Elution of bacteria from 8 aminoethy]l-cellulose 
While the exact specifications were papers (AE) and 4 diethylaminoethyl-cellulose papers 
not critical, the two-section funnel (DEAE). After elution of the DEAE papers for 163 
was 15 cm in diameter at the posi- min, NaCN was added to the eluent to give a final concen- 
tion of the exchanger and hadaca- tration of 0.005 M (arrow). The elution rate was 600 ml/ 
pacity of 5 liters. min. 


For optimal yield of synchronized bacteria the apparatus was operated with one aminoethyl- 
cellulose paper as the binding surface. The total number of cells passed through the paper for 
the binding operation depended upon the concentration of eluted cells desired. This step was 
usually performed using 1 liter of 1.2 108 bacteria/ml, but has been performed with titers rang- 
ing from 2 X 107 to 2 X 108 bacteria/ml with essentially the same results. In general, the more 
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thoroughly the paper was then washed, the better was the subsequent selection of new daughter 
cells. Optimal selection was obtained after performing three 1-liter washing steps as described 
above and inverting the paper after each liter passed through. If the washing steps were reduced 
or eliminated, the selection was poorer but the yield was much greater. Elution was always per- 
formed with the paper inverted relative to its position at inoculation. After the paper was in- 
verted for elution, a 0.65-y-pore, 152-mm-diameter Millipore filter was placed above the paper 
to prevent backflow of cells, and elution with conditioned medium was begun. Samples were col- 
lected for synchronous growth analysis after elution had proceeded for 40 min, and were incubated 
with vigorous shaking. 

Counting procedure: In order to avoid any effects of plating procedures on the presumed quality 
of synchrony,‘ all bacterial counts and size distributions were determined using a Coulter Counter 
Model B with a particle size distribution plotter. The counter was operated with a 30-y-diameter 
orifice, maximum amplification, and a 1/current setting of 0.707. Coulter Counter readings were 
maintained in the 2-20 10’ range and were performed either directly in the eluent or after dilu- 
tion in normal saline which had been filtered through a type HA Millipore filter. No corrections 
were made in the data for background or coincidence counts. 


Results —The synchronization technique will be analyzed first by presenting the 
characteristics of the selection principle, and second by describing the results ob- 
tained under optimal conditions for continuous collection of new daughter cells. 
Analysis of the technique was best accomplished by observing the elution of bacteria 
from the anion exchanger for extended periods of time. Figure 2 shows the elution 
pattern during a few hours of recirculation of growth medium through a stack of 
8 aminoethyl-cellulose papers (curve AE) and 4 diethylaminoethyl-cellulose 
papers (curve DEAE). During the first 15 min of elution, the number of cells 
eluted decreased with time, presumably because of the washout of unbound and 
weakly bound cells. After this initial period, the bacteria in the eluent were small 
in size, but this selection became poorer with time. To account for the increase 
in bacterial concentration with elution time, it was concluded that the cells were 
growing on the anion exchanger. This conclusion was supported by the observation 
that if cell growth were inhibited, the appearance of cells in the eluent was sup- 
pressed. When NaCN was added to the recirculating eluent (curve DEAE), the 
number of cells removed from the anion exchanger rapidly decreased. The re- 
quirement of growth on the exchanger for elution of bacteria is also shown in 
Figure 3, where the concentration of salts in the eluent medium was altered. This 
alteration impeded growth of the cells on the exchanger, and resulted in a rapid 
decrease of cell number in the eluent. When elution was continued for a sufficient 
time for the cells to adapt to the altered growth medium, recovery to approximately 
the original elution titer occurred. 

Although the multiple-paper experiments illustrated that growth during elution 
was necessary for selection, the withdrawal of new daughter cells was not optimal 
under these conditions. If this selection is related to the division of cells bound to 
the exchanger, then selection should be enhanced by reducing the number of papers. 
Figure 4 shows the results of the elution of bacteria from 8, 4, and 1 aminoethyl- 
cellulose papers. As the number of papers was reduced from 8 to 1, the brief 
plateaus observed at intervals of a generation time became more pronounced. The 
elution pattern from 1 aminoethyl-cellulose paper occurred stepwise with the 
generation time because the barriers to removal of the new daughter cells were 
minimized, and this resulted in a constant efficiency of removal. In the multiple- 
paper experiments some of the cells eluted from the upper papers became bound in 
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Fic. 3.—Effect of alteration of 
the composition of the eluent me- 
dium on elution of bacteria from 8 
aminoethyl-cellulose papers. After 
58 min of elution (first arrow), 
the minimal salts concentration was 
increased in the eluent in three sep- 
arate experiments so that the final 
concentration was 1.6(0), 2.3(@), 
and 3.0(/A) times the original. 
After 135 min of elution (second 
arrow), the eluent in the experiment 
described by the upper curve (O) 
was diluted 1:1 with distilled water. 
The elution rate was 600 ml/min. 
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the lower papers. As a result, the efficiency of removal increased with time and 
obscured the stepwise elution pattern characteristic of a single paper. Therefore, 
interpretation of these results is best accom- 
plished by considering the single-paper ex- 
periment. After 35 min of elution the bac- 
teria in the eluent from a single paper were 
primarily new daughter cells (see Fig. 7) and 
remained so for several hours of elution. 
The shape of the elution pattern between 
the steps depended upon the age® distribu- 
tion of the bacteria initially bound to the 
exchanger. The flatness of the plateau re- 
gions, which was observed in experiments 
with various high efficiencies of removal, in- 
dicated that the cells bound to the paper 

Fic. 4.—Elution of bacteriafrom8(A), Wer uniformly distributed in age. The 
4(@), and 1 (©) aminoethyl-cellulose pa- | number of cells which remained on the paper 
pers. The elution rate was 600 ml/min. after each round of division depended on 

the efficiency of removal of the new daughter 
cells. Therefore, if less than 50 per cent of the new daughter cells was removed, 
then the concentration of cells in the eluent had to increase at intervals of a genera- 
tion time. 

As shown in Figure 5, the efficiency of removal of new daughter cells depended on 
the ionic strength of the eluent relative to that of the binding medium. Curve A in 
Figure 5 shows that it was possible to approach the condition of constant elution 
titer for an extended period of time by inoculating an aminoethyl-cellulose paper 
with a culture which had been diluted 1:10 with distilled water and eluting with nor- 
mal minimal medium. This result was also obtained by eluting with medium con- 
taining approximately twice the salt concentration of the normal medium used for 
inoculation of the paper. However, in both cases the constant elution pattern was 
only approached, and the concentration of eluted cells began to rise after about 2 hr 
of elution. Curve B in Figure 5 shows that when the paper was eluted with 
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medium which had been diluted 1:2 with distilled water relative to the inoculation 
medium, the elution pattern was similar to that obtained in the multiple-paper 
experiments. 

While the elution behavior has been described at length, it remains to be shown 
that the eluted cells grew synchronously. The degree of synchronous growth of 
bacteria in samples taken at any time during elution depended upon the elution 


Fig. 5.—Elution of bacteria from 1 aminoethyl- 
cellulose paper as a function of the minimal salts 
concentration of the eluent relative to the inoculation 
medium. (A) The paper was inoculated with a log 
phase culture after it had been diluted 1:10 with dis- 
tilled water (to 3 X 10’ bacteria/ml), washed as de- 
scribed in Materials and Methods with 1 liter of a 
1:10 dilution of the conditioned medium, and eluted 
with conditioned medium from the culture prior to 
dilution. The elution rate was 600 ml/min. (8B) 
The paper was inoculated and washed in the normal 
fashion as described in Materials and Methods, but 
eluted with a 1:1 dilution of the conditioned medium 
in distilled water. The elution rate was 200 ml/min. 
(C) The paper was inoculated, washed, and eluted 
with the same conditioned medium. The elution rate ae sar ao asa car “ea aa 
was 600 ml/min. ernest wed Gtk 
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medium used and the degree of binding of the cells to the paper. Figure 6 illustrates 
the synchronous division obtained with and without washing the aminoethyl-cellu- 


lose paper after inoculation. Both samples for synchronous growth analysis were 
taken after 40 min of elution, but the quality of synchrony was essentially the same 
in samples taken over 1 hr after this time. The synchronously dividing cells were 
collected without further manipulation from a growing culture as they fell off the 


Fig. 6.—Synchronous growth under con- 
ditions for optimal degree of synchrony (B) and 
near maximum yield of bacteria(A). Both were 
performed in the same manner, as described in 
Materials and Methods, except that: (B) the 
yaper was washed after inoculation and the 
yacteria were counted directly in growth medium, 
and (A) the paper was unwashed and the bac- 
teria were counted after dilution in normal 
saline. The flow rates for elution were set at 
approximately 150 ml/min by maintaining a 1- 
liter head above the paper. In both cases, a 
sample of the eluent was collected for 1 min, and 
bacterial concentration was determined during 
incubation at 37°C with vigorous shaking. 
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Fig. 7.—Size distribution of cells 
during synchronous growth (0-50 min) 
compared to the size distribution of an 
exponential phase culture (exponen- 
tial). The exponential size distribu- 
tion was determined on a culture at 
1 xX 108 bacteria/ml after dilution in 
conditioned medium. The size dis- 
tribution of cells during synchronous 
growth was determined directly in the 
growth medium by withdrawing sam- 
ples from the culture at the times in- 
dicated during growth. Time 0 for 
synchronous growth shows the size 
distribution of cells in the eluent after 
40 min of elution. Size is recorded as 
direct window number (threshold 
interval) reading from the Coulter 
Counter particle size distribution plot- 
ter. The counting time for each size 
interval was set at & sec. 
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exchanger, and therefore no lag in growth oc- 
curred. The doubling time during synchronous 
growth was always shortest when the paper was 
inoculated at high titer and then thoroughly 
washed. Figure 7 shows the size distribution 
of cells taken at the times indicated during syn- 
chronous growth. As can be seen, the cells 
immediately after elution were small in size 
relative to the exponential phase population 
and increased in size during the interdivisional 
period. Changes in cell size during synchronous 
growth have also been reported by Lark and 
Lark.’ At division (40 min) the cells again 
became small in size and this pattern repeated 
in succeeding generations. 

Discussion.—-A procedure for continuous with- 
drawal of synchronized bacteria from a growing 
culture has been described. The results show 
that the selection is related to an ionic binding 
between the bacteria and the anion exchanger,® 
and the subsequent removal of the youngest 
cells. The evidence supports the assumption 
that the majority of cells removed from the 
culture on the exchanger consists of those new 
daughter cells which were not involved in the 
binding. That the selection is based on this 
principle, and not simply on the removal of 
small cells due to their weaker or unusual bind- 
ing properties, is indicated by the fact that 
growth on the exchanger is necessary for the 
elution of cells. Under steady-state elution 
conditions, cells which were not growing could 
not be removed regardless of their size. In 
addition, the stepwise elution curves obtained 
in the single-paper experiment indicate that the 
bound cells were uniformly distributed in age. 


Although the exchanger was inoculated with a log phase population, a uniform age 
distribution could arise on the paper by a counterbalancing of cell number with 
binding ability. While Powell’ has shown that the younger cells are more frequent in 
a log phase culture, we have evidence that the larger cells bind more readily to the 
exchanger. If an unusually weak binding stage exists during growth of LE. coli (as 
shown for HeLa cells in the synchronization technique of Terasima and Tolmach”), 
a pronounced dip would have been expected in the elution curve at intervals of a 
generation time. Finally, it was not possible to obtain a negative slope in the 
elution curve, as would be expected if random removal of small cells were involved, 
unless growth on the exchanger was stopped by artificial means. At best, a con- 
stant elution pattern could only be approached. It must be assumed, therefore, 
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that a constant elution pattern corresponds to 100 per cent efficiency of withdrawal 
of the new daughter cells which are capable of being removed. If this is the case, 
then only one cell of a new sister pair falls off the paper, and this must be the sister 
cell which was not involved in the binding. There can be, of course, some cells on 
the exchanger that are so completely bound that neither sister cell elutes at di- 
vision, and also cells so weakly bound that both sisters elute at, or any time after, 
division. 

The results indicate that the assumed size fractionation technique as used by 
Helmstetter and Uretz‘ also operated in the fashion described here. The fact that 
selection by size was not involved in that technique is supported by a number of 
observations. First, as the number of papers is decreased in a pile constructed for 
filtration, the quality of selection improves. Second, the results remain essentially 
the same when different bacterial strains of widely varying sizes are filtered and 
eluted from the same size paper pile. Third, the concentration of cells eluted from 
the pile depends on the ionic strength of the eluent. Fourth, when various ion- 
exchange papers are used in the pile, there is considerable variation in the results 
although the porosity of the papers does not vary significantly; that is, when the 
filtration procedure is performed with a strong anion exchanger (diethylaminoethyl- 
cellulose), most of the cells remain on the pile. When a cation exchanger (car- 
boxymethyl-cellulose or cellulose phosphate) is used, most of the cells pass through 
the pile. A quantitative analysis of the properties of ion-exchange materials in 
relation to micro-organisms has been reported by Rotman."! 

The procedure described here has a number of interesting properties: 

(1) The concentration of selected bacteria does not present a serious problem 
because the apparatus readily produces any concentration desired. Since selecticn 
is independent of elution rate and concentration is inversely proportional to elution 
rate, a concentrated sample can be obtained by reducing the elution rate. In the 
experiments described, the flow rates were deliberately adjusted so that bacterial 
counts could be performed directly in the eluent, but the apparatus yields 10’-10* 
bacteria per minute in any volume desired. Concentration can also be enhanced by 
increasing the area of the anion exchanger, washing the paper with fresh minimal 
medium prior to inoculation, or by passing a larger total number of cells through 
the paper at inoculation. Finally, high titers can be achieved by delaying collection 
of selected cells until the concentration in the eluent has risen to the desired value 
under conditions of less than 100 per cent efficiency of removal. 

(2) It is not necessary to collect a single large sample of the eluent for synchronous 
growth experiments. Since the quality of selection remains essentially constant for 
long elution times, it is only necessary to collect small samples at intervals and 
incubate these separately. In this manner, large quantities of cells of all ages are 
readily available. 

(3) The synchronization apparatus is actually a growth vessel where the titer 
of the growing cells can be held nearly constant for some time by continuously re- 
moving half of the youngest cells. 

(4) Mother-daughter relationships can be studied where this relation is identifi- 
able if the mothers remain on the paper and the daughters elute. 

(5) For some studies of the effects of various agents as a function of cell age, it is 
not necessary to grow a synchronous culture at all. If the agent is added directly 
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to the eluent, changes in the elution pattern of the new daughter cells will directly 
reflect the age at which the cells on the exchanger are affected by the agent. 


We wish to thank Drs. David H. Rammler and Lawrence R. Fowler for many helpful dis- 
cussions. 

* Present address: University Institute of Microbiology, Copenhagen, Denmark. 
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ON THE DISSOCIATION OF NORMAL ADULT HUMAN HEMOGLOBIN 


By Guipo Guiporti, WILLIAM KONIGSBERG, AND LYMAN C. Craia 
THE ROCKEFELLER INSTITUTE 
Communicated July 26, 1963 


The investigations of Adair! and Pedersen? on the molecular weight, of Rhine- 
smith et al.* on the NH,-terminal sequence, and of Cullis et al.‘ on the three-dimen- 
sional structure of hemoglobin have conclusively demonstrated that one form of the 
molecule of normal adult human hemoglobin is a tetramer composed of two so-called 
a chains and two so-called 6 chains. Each polypeptide chain is linked to a heme 
group. The tetrameric form of the molecule can therefore be designated by the 
formula a282.° 

The integrity of the tetramer is highly dependent on pH, ionic strength, and 
nature of the solvent. Thus, at both acid® and alkaline’ pH’s, in strong salt solu- 
tions,*—'® and in concentrated mercaptoethanol solutions'! the human hemoglobin 
molecule has been demonstrated to undergo reversible dissociation to dimers. 
Other mammalian hemoglobins also exhibit the same behavior,'?~—'* although the 
degree of dissociation may vary. 

Theoretically, the dissociation of the a282 tetramer into dimers can be symmetrical 
(a8. + 2a8), asymmetrical (a282 < a, + 62), or nonspecific (Zarb. + az + Be + 
2a8). Itano and Singer™ were the first to be concerned with the mechanism of 
dissociation. They and Robinson and Itano concluded on the basis of a series of 
recombination and hybridization experiments that the dissociation is asymmetrical 
both at low and high pH." ” 
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Nevertheless, there are many phenomena recently reviewed by Antonini et al."* 
that cannot be explained on the basis of asymmetrical dissociation. It has also 
been shown" that the hybridization process starts only below pH 5.0, whereas 
dissociation is observed starting at pH. 6.0,° and that, whereas hybridization fails 
to take place in strong salt solutions, dissociation does occur. Vinograd and Hutch- 
inson!® have pointed out that, if the dissociation were symmetrical, all the experi- 
mental data and some of the inconsistencies mentioned above could be rationalized 
with the aid of two assumptions: (a) that the dimers are in equilibrium with mono- 
mers at both high and low extremes of pH; and (b) that only like dimers recombine 
to tetramers. 

In any case, the latter assumption would not be needed if the existence of an 
equilibrium between dimers and tetramers in the pH range 6-9 could be demon- 
strated. This equilibrium implies that any molecule composed of unlike dimers, 
for example (aABraAg§), where the superscripts A and 8 refer to normal and sickle 
cell hemoglobin, would predominantly separate into two tetrameric components 
(a2*B.* + a“B.°) during the process of separation, if the rate of attainment of 
equilibrium were appreciably faster than the particular controlling rate of the 
separation process! 

On the basis of our present data, Vinograd and Hutchinson’s model for the 
dissociation of human hemoglobin, 

Ki Ky 
OB. = 2a8B = 2a + 28 (1) 


where K, and K; are the equilibrium constants for the dissociation reactions, seems 
the most likely, but their assumptions are unnecessary. The value of the equilib- 
rium constant K; is small but measurable at neutral pH and increases at both high 
and low pH’s. The value of the constant K, is very small at neutral pH and in- 
creases at the extremes of pH. The value of K; does not change, while the value of 
K, becomes very small in strong sodium chloride solutions. The most important 
point of the work to be described is that hemoglobin should always be considered 
as a system in mobile equilibrium. 

In the previous paper”’ we have demonstrated, by means of membrane diffusion, 
that indeed the postulated equilibria between tetramers and dimers, and between 
dimers and monomers, are a function of pH and ionic strength. The present work 
contributes further evidence derived from a totally different approach for the 
existence of the postulated equilibria. It involves the production of hemoglobin 
species with different chromatographic properties by the reaction with the reagents 
iodoacetamide and N-ethylmaleimide. 

Experimental.—The carbonmonoxyhemoglobin (CO hemoglobin) was prepared 
as previously described?! from blood obtained from one of us (G.G.). All the 
experiments were performed with CO hemoglobin used within 5 days of its prepara- 
tion. The chromatography of CO hemoglobin on Bio-Rex 70, a resin with carbox- 
ylic acid exchange groups, the preparation of globin, countercurrent distribution of 
the globin, and the amino acid analyses were performed as previously described.?!: 8 

Reaction of CO hemoglobin with iodoacetamide and N-ethylmaleimide: Iodoacet- 
amide (Merck Chemical Co.) was recrystallized from hot H,O prior to use. N- 
ethylmaleimide (Merck Chemical Co.), chromatographically pure, was used without 
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further purifications. The reactions were carried out under a CO atmosphere at 
25° in the following buffers: (a) 0.2 1 sodium phosphate, made by dissolving 11 
gm NaH,PO,-H,O and 15.2 gm Na;PO,-12H,0 in one liter of deionized water; it 
was 0.2 M Nat and pH 7.15; (b) 0.2 M sodium acetate, made by dissolving 27.2 
gm of sodium acetate and 11.4 ml of acetic acid in one liter of deionized water; it 
was 0.2 M Nat and pH 4.7. The concentration of hemoglobin was 6 X 10-4 M 
(mol. wt. 64,500); the concentrations of the reagents are shown in the tables. 
After reaction the solutions of CO hemoglobin were dialyzed at 5° for 48 hr against 
four 4-liter changes of 0.016 M sodium phosphate buffer at pH 6.5 (137.5 gm NaH.- 
PO, H,O and 76 gm of Na;PO,-12H,0 per liter of deionized water, diluted 1: 100). 
These dialyzed solutions were saturated with CO and used for chromatography. 
The extent of reaction of CO hemoglobin with these reagents was measured by the 
identification and quantitation of the reaction products of cysteine with iodoacet- 
amide and/or N-ethylmaleimide after acid hydrolysis and separation of the amino 
acids on the Spackman, Stein, and Moore automatic amino acid analyzer.*? The 
derivatives are S-carboxymethyleysteine and S-succinyleysteine, respectively. 

In all cases complete amino acid analyses were performed on each sample. Only 
the values for the cysteine derivatives are shown as the values for the other amino 


acids were unchanged. 

Results —The SH groups of normal adult human hemoglobin: The tetrameric 
molecule of normal adult human hemoglobin (a282) contains 6 cysteine residues: 
1 in each @ chain at position 104,24: % 2 in each 8 chain, 1 at position 93 and the 
other at position 112.% *° Of these 6 SH groups, 2 have been found to be reactive 


ina solution of native hemoglobin at neutral pH*’~** and all 6 in completely de- 
natured hemoglobin,”® indicating the absence of disulfide bonds. Goldstein et al.* 
have shown that cysteine residue 938 is the SH group that reacts with iodoacet- 
amide in native hemoglobin at neutral pH. This cysteine residue also is the one that 
reacts with N-ethylmaleimide at neutral pH.*! Thus, cysteine residue 93 is hereby 
defined as the residue having the reactive SH group of human hemoglobin. The 
lack of reactivity of the other cysteine residues in the a and 8 chains has been at- 
tributed to their protected position in the interior of the tetrameric structure.‘ 
Since the tetramer a282 has 6 SH groups of which 2 are reactive, an a@ unit has 
3 SH groups of which 1 is reactive. Our results are reported in terms of the a8 unit. 
The equilibrium a8, = 2a8 at pH 6.42: Figures 1A, 1B, and 1C show the chro- 
matographie separation on Bio-Rex 70 at pH 6.42 of normal CO hemoglobin, CO 
hemoglobin reacted with N-ethylmaleimide, and CO hemoglobin reacted with 
iodoacetamide, respectively. The position of the main peak of the N-ethylmale- 
imide-reacted CO hemoglobin is slightly advanced, and that of iodoacetamide- 
reacted CO hemoglobin retarded with respect to normal CO hemoglobin. Figures 
1D and 1£ show the patterns obtained with CO hemoglobin reacted simultaneously 
with N-ethylmaleimide and iodoacetamide present in a ratio equal to that of their 
rate constants from their reaction with CO hemoglobin. Peak 1 in all the panels 
of Figure 1 represents the minor hemoglobin components and is of little interest 
here. Peaks 2 and 3 are the predominant components which will be considered. 
Table 1 shows from left to right the concentrations of N-ethylmaleimide and 
iodoacetamide used, the ratio of these quantities, the fraction of hemoglobin under 
peaks 2 and 3, and the results from the amino acid analysis of the CO hemoglobins 
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mi effluent Tube number 


Fic. 2.—Chromatographic and C.C.D. patterns 
as explained in text. 


Fia. ee patterns 
as explained in text. 


before and after chromatography. The experiments A to E in Table 1 correspond 
to those in Figure 1. From these data it appears that, when CO hemoglobin is 
reacted simultaneously with both N-ethylmaleimide and iodoacetamide, only two 
derivatives are obtained after chromatography: one representing the CO hemo- 
globin in which both reactive SH groups have reacted with N-ethylmaleimide, 
a28.* (peak 2 of Figs. 1D and 1), and the other the CO hemoglobin in which both 
SH groups have reacted with iodoacetamide, a2$2f (peak 3 of Figs. 1D and 1£). 
Under the conditions of the experiment, the reactive SH groups have equal chance 
to react with either reagent. This situation must necessarily produce three species 
of CO hemoglobin: one in which both SH groups have reacted with N-ethylmale- 
imide, a28.*; one in which both SH groups have reacted with iodoacetamide, 
a8, and one in which one SH group has reacted with N-ethylmaleimide and one 
with iodoacetamide, a28*6f, (in a ratio of 1:1:2, respectively). If the molecule of 
CO hemoglobin were a fixed tetramer at the pH of the separation procedure, pH 
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TABLE 1 


CysTEINE DERIVATIVES FROM THE AMINO Acip ANALYSES OF DouBLy REAcTED CO HEMOGLOBINS 
__ Residues per molecule of proteint 


INH S-carboxy- 
NEM INH: “fit Fraction of methyl- S-succinyl- Ethyl- 
Experiment (M X 10°) (M X 108) NEM Hb* cysteine cysteine amine 


A 
Before chromatog- 
raphy 
Peak 2 0.90 
B 
Before chromatog- 
raphy 
Peak 2 


‘ 


Before chromatog- 
raphy 1.00 
Peak 2 36 - 1.01 
D 
Before chromatog- 
raphy 0.41 0.50 
Peak 2 0.01 0.88 
Peak 3 8 8 1.05 — 
E 
Before chromatog- 
raphy 0.51 0.42 0.44 
Peak 2 0.43 0.02 0.90 0.87 
Peak 3 ee. 36 20 0.47 1.02 — -— 
* Fraction of Hb refers to the fraction of all the CO hemoglobin recovered from the column, under the desig- 


nated peak. 
t+ The values are reportea for an a8 dimer. Conditions: CO hemoglobin 6 X 1074 M; 1 hr at pH 7.15 and 25°. 


6.42, then these three species should separate from one another on chromatography. 
Thus, the presence of only two peaks, each a pure species, supports the thesis that 
an equilibrium a.8*8}t = a8* + aft exists at pH 6.42. 

The equilibrium o82 = 2a8 at pH 4.7: When CO hemoglobin is reacted at pH 
4.7 with a 60-fold molar excess of iodoacetamide, only the reactive SH groups 
(cysteine residue 938) are alkylated.*! At this pH, the reaction is slow, so that 
after 6 hr only partial alkylation of the reactive SH groups has taken place. Now 
if the mechanism of dissociation at pH 4.7 were asymmetrical, a282 => a, + Be, then 
one should obtain three species of 8-chain dimers: a dimer in which none of the 
reactive SH groups have reacted, 82; a dimer in which only one of the SH groups 
has reacted, 687; and a dimer in which both SH groups have reacted, Bef. On 
reassociation at pH 6.42 there should then be three species of CO hemoglobin 
(a282, ae88T, and a28.t) which would separate on chromatography. If instead the 
revised model of symmetrical dissociation is assumed, only the two pure CO hemo- 
globin components should be obtained. 

Figure 2 shows the chromatographic patterns (on the left) and the countercurrent 
distribution of the globin (on the right) of normal CO hemoglobin (top panel), CO 
hemoglobin reacted with iodoacetamide at pH 7.15 (middle panel), and CO hemo- 
globin reacted with iodoacetamide at pH 4.7 (bottom panel). In Table 2 are 
shown the results from the amino acid analyses performed on the CO hemoglobin, 
reacted at pH 4.7, before and after chromatography. 

The fact that only the two pure CO hemoglobin species, a282 and a282f are found 
is evidence for the reaction a8. — 2a6 at pH 4.7. 

The equilibrium a8 = a + B at pH 4.7: Table 3 shows the results from the 
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TABLE 2 
CO Hemoauosin Reacrep at pH 4.7 with INH; 


Residues per molecule of protein 
S-carboxymethylcysteine 


amino acid analyses performed on 
samples of globin and on the 
separated a and 8 chains derived 
from CO hemoglobins reacted 
with N-ethylmaleimide at pH 4.7 
for 6 and 17 hr. At both times 
there is evidence for reaction of 
the unreactive cysteine residues 
on the @ and 8 chains, which at 
17 hr are nearly completely alkyl- 
ated. In view of the evidence 
presented by Benesch et al.*? that 
all the SH groups of hemoglobin H, a hemoglobin without @ chains,** are reactive 
presumably due to lack of interaction between @ and 8 chains, we take this experi- 
ment to indicate the presence of single a and 8 chains at pH 4.7. The reason that 
the same result is not obtained with the CO hemoglobin reacted with iodoacetamide 
at this pH is due to a kinetic effect. It depends on the much greater effect of pH 
on the reactivity of iodoacetamide compared to that of N-ethylmaleimide. 

The effect of high tonic strength on the equilibria a282— 2a8 = 2a + 28: Table 4 
shows the results from the amino acid analyses performed on samples of globin and 
on the separated a and 6 chains derived from CO hemoglobins reacted with N- 
ethylmaleimide and iodoacetamide at pH 7.15 and pH 4.7 in2 M NaCl. At both 


CO hemoglobin derivative 
Before chromatography 
Globin* 
Peak 2 
Globin* -- 
a chain o 
8 chain — 
Peak 3 
Globin* 1.02 
a chain — 
8 chain 0.98 
* The globin values are reported for an af dimer. 
CO hemoglobin 6 X 1074 M; INH: 3.6 xk 1072 M; 


0.65 


Conditions: 
6 hr at 25°. 


pH’s only one cysteine residue on each 8 chain has reacted, and this has been identi- 


fied as cysteine residue 938.*! This indicates the absence of monomers at both 
pH’s. It appears then that at pH 4.7 high ionic strength decreases the value of the 
equilibrium constant for the reaction: a8 = a + 8. 

Discussion.—The experiments described above, together with the results of the 
membrane diffusion,” indicate that the tetrameric molecule dissociates symmetri- 
cally. The steps we have outlined for the dissociation of human hemoglobin are 
identical to those suggested by Vinograd and Hutchinson.'® Indeed, the assump- 
tion of the dissociation of dimers to monomers has been shown to be correct, but 
the assumption of only like dimers associating to tetramers has been shown to be 
unnecessary. 

At alkaline pH the chemical 
methods described cannot be used 
because of the complication of 
side reactions. However, it is 
very likely that at the higher pH, 
the method of dissociation is 
identical to that atiow pH. The 
model proposed implies that the 

forces holding an a8 unit together 

reacted for 17 hr ° 
Globin* » 53 2 are stronger than those holding 
@ chain 0.82 0.9% the tetramer or a or 82 units to- 
oom sani _ gether. Circumstantial evidence 


TABLE 3 
CO HemoGuiosins Reacrep with NEM at pH 4.7 


Residues per molecule of protein 
CO hemoglobin derivative S-succinyleysteine Ethylamine 
CO hemoglobin 
reacted for 6 hr 
Globin* y 95 
a chain I 50 
8 chain 33 48 
CO hemoglobin 


* The globin values are reported for an a8 dimer. Only the re- 


sults of the analyses done before chromatography of the CO 
hemoglobins are shown. Conditions: CO hemoglobin6 X 10~* 
M; NEM 3.6 X 1072 M; 25°. 


for this fact has already been 
presented by Huehns et al.** who 
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TABLE 4 
CyYsTEINE DERIVATIVES FROM THE AMINO Acip ANALYSES OF CO HEMOGLOBINS 
REAcTED IN 2 M NaCl 
Residues per molecule of protein _ 
CO hemoglobin derivative S-carboxymethyleysteine _ S-succinylcysteine ~ Ethylamine 

INH:-reacted CO hemoglobin 
A—pH 7.15 

Globin* 0.95 

e@ chain — 

8 chain 0.91 
B—pH 4.7 

Globin* 

a chain 

8 chain 
NEM-reacted CO hemoglobin 
A or 7.15 

Globin* 0.90 _- 


a chain a 

6 chain 0.81 -— 
B—pH 4.7 

Globin* 0.89 1.17 

a@ chain _- - 

6 chain 0.85 1.05 


* The globin values are reported for an a8 dimer. Conditions: CO hemoglobin 6 X 1074 M; INH: 3.6 X 107? 
M; NEM 3.6 X 107? M; 6 hr at 25°. 


showed that hemoglobin containing only @ chains exists as the monomer, while 
hemoglobin H, a hemoglobin consisting of only 8 chains, exists as tetramer.® If 
therefore the a8 unit were not the most stable configuration, appreciable quantities 
of the individual chain hemoglobins should be found in the red cell hemolysate. 

With the equilibrium model, all the hybridization data are easily explained. In 
addition, the puzzling phenomena described by Antonini ef al.'’ can be resolved. 
These may be explained as follows: (a) the rate of hybridization is a function of the 
rate of monomer formation, and therefore is not directly related to the rate of 
dimer formation. (b) The reason that 6:8." hemoglobin is not observed after 
hybridization of sickle cell hemoglobin with hemoglobin H could be due to separa- 
tion of the 8.* from the 82" species during the separation procedure. In addition, 
a tetramer of hemoglobin containing only a chains is not produced because it is 
not as stable as a8 units. (c) The rate of denaturation of hemoglobin at alkaline 
pH can be related to the rate of monomer formation. (d) Hybridization does not 
take place in concentrated salt solutions, because the value of the dissociation 
constant K» does not favor the formation of monomer. _ (e) The dissociation con- 
stant K, is not very pH-dependent and increases appreciably only below pH 5 except 
at high ionic strength where it is diminished. The only phenomena not readily 
explained by our revised model are the separation by electrophoresis® and by column 
chromatography*®: * of the components of a partially oxidized (FeU— Fell!) solution 
of CO hemoglobin, and the recent evidence presented by Schroeder et al.** for the 
presence of a fetal hemoglobin (F11) in which only one y chain is acetylated at the 
amino-terminal end. 

That the molecule of human hemoglobin is in equilibrium with its subunits even 
at neutral pH has, of course, been indicated a long time ago from the studies of 
Lamm and Polson“ on the increase of diffusion coefficient with dilution, and of 
Pedersen? on the decrease of the sedimentation coefficient with dilution. It is to be 
expected that the equilibrium constants for the dissociation reactions will vary 
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depending on the type of hemoglobin and the species. These variations are re- 
flected in the comparative changes of diffusion and sedimentation coefficients of 


9 


human versus animal hemoglobins with dilution,? “” in concentrated urea solu- 
tions'' and in the relative rates of hybridization. Thus, while hemoglobin H 
hybridizes faster than normal adult human hemoglobin,** fetal hemoglobin does so 
more slowly*! and hemoglobin A, at an even slower rate.*? Also, canine hemoglobin 
hybridizes at a slower rate than human hemoglobin, rabbit hemoglobin at an even 
slower rate,*4 and bovine hemoglobin not at all** during the periods of time used, 
even though, of course, dissociation to dimers does take place.'"* These considera- 
tions of the dissociation process all lead to a dynamie view of the hemoglobin mole- 
cule, which must be considered in equilibrium with its subunits under all solvent 


conditions. 
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THE EFFECT OF POLY U SIZE ON THE INCORPORATION 
OF PHENYLALANINE IN THE CELL-FREE YEAST SYSTEM* 


By L. Marcus,t R. K. Brerruauver,t R. M. Bock, anp H. O. Hatvorson 
DEPARTMENTS OF BACTERIOLOGY AND BIOCHEMISTRY, UNIVERSITY OF WISCONSIN, MADISON 
Communicated by R. H. Burris, July 22, 1963 


In the past year it has become increasingly clear that aggregates of ribosomes 
(polysomes) are the primary site of protein synthesis in both mammalian'~* and 
bacterial‘ > systems. Consistent with these observations is the finding that al- 
though the majority of the ribosomes of yeast are of the 80S class, structures with 
sedimentation coeilficients of 200-300 S are more active in protein synthesis. One 
of the questions raised by these findings is whether polysome formation is an es- 
sential condition for amino acid incorporation. In the present paper an attempt 
has been made to provide an answer to this question by the use of short-chain poly 
Ut fragments of known chain length and the cell-free protein-synthesizing system in 
yeast.7~* In addition, an estimate has been made of the minimum size poly- 
nucleotide message which yeast ribosomes can transcribe for polypeptide synthesis. 
These messages are so small that it now appears practical to determine codon 
sequences and the chemical nature of message ends with the system described here. 

Materials and Methods.—The diploid yeast (Saccharomyces dobzhanskii X Saccharomyces fragilis ) 
was used in these experiments. For the kinetic studies on S®* or P*? incorporation in vivo, the 
cells were grown on a sulfur-low, succinate-synthetic medium containing 3% glucose" or in a 
phosphorus-low medium. The latter was the same, except that it contained 8 gm (NH4)2SO, per 
liter but only 0.3 gm K:HPO, per liter. The conditions of growth, isotope incorporation, and 
treatment of the cultures were the same as previously described. Unless otherwise specified, the 
system for cell-free incorporation into protein was as previously described,® except that radio- 
activity was measured by liquid scintillation of the dried precipitates redissolved in hyamine hy- 
droxide 

For density gradient sedimentation, exponential gradients of 5-25% sucrose were used con- 
taining 0.05 M Tris-HCl buffer pH 7.6, 5 < 10-* M magnesium acetate, 10-2 M KCl, 10-2? M 
mercaptoethanol, and 5 X 1074 M spermidine. A sample volume of 1.0 ml was applied to the 
top of each Spinco L-SW25 gradient tube. The gradients were passed through a flow cell (1 mm 
light path; 0.03 ml volume), and the optical density was monitored at 260 my in a Beckman DB 
recording spectrophotometer connected to a strip chart recorder. Fifteen drop fractions with an 
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average volume of 0.7 ml were collected. The samples were kept cold by packing both the gra- 
dient tube and collecting tubes in ice. 

The yeast sRNA was prepared according to the method of Monier et al.” through the pre- 
cipitation step with potassium acetate in ethanol. The undegraded poly U had a sedimentation 
coefficient of 8 at 20°C in 0.2 M NaCl. 

Oligonucleotides of known chain length were prepared by DEAE-cellulose chromatography of 
random partial alkaline hydrolysates of high molecular weight polynucleotides. Treatment of 
poly U at pH 9.8 and 90°C for 15 min gave a sample with 16% of the phosphodiester bonds 
broken and 30% of the resulting cyclic 2’,3’ phosphodiester chain termini opened to 2’ or 3’ 
phosphomonoesters. Treatment of poly U at pH 10.2 and 90°C for 16 min produced a product 
with 35% of the phosphodiester bonds cleaved and 90% of the chain termini opened to 3’ or 2’ 
phosphomonoesters. Chromatography at room temperature on a 70 X 1 cm column of DEAE- 
cellulose (Cellex-D, 0.4 milliequiv per gram), eluted with a linear gradient of 0.1-0.6 M NaCl con- 
taining 0.01 M Tris buffer at pH 8, resolved the various chain lengths out to the low twenties. 
Rechromatography of small fractions from the centers of peaks on the same column with a shallow 
gradient in the appropriate salt range gave chain lengths up to 15 with less than 10° contamina- 
tion by oligonucleotides one nucleotide longer or shorter. The yield distribution fitted the pre- 
dicted distribution calculated from random hydrolysis and served as a check on assignments of 
chain length. Figure 1 illustrates typical chromatograms obtained. 

Protein was determined by the method of Lowry et al.'! RNA content was computed by as- 
suming | mg/ml in water has an Aogo of 24. 

Results.—Evidence for active polysomes in yeast: In order to examine the role and 
stability of polysome structures in yeast cells, the distribution of radioactivity was 
analyzed in various ribosomal fractions from cells briefly exposed to H.S*®O, and 
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Fic. 1—DEAE cellulose chromatography of degraded poly U (see Methods). A: 0.2-1.0 M 
linear gradient of NH,HCO;, pH 7.6 of a sample of mean chain length 3, 10% cyclic ends, 90% 
2’,3’-phosphomonoester ends. B: 0.1-0.5 M NaCl + 0.01 M Tris Cl, pH 7.6, linear gradient of a 
sample of mean chain length 7, 70% cyclic phosphate ends, 30% 2’,3’ phosphomonoester ends. 
C; Rechromatography of fractions from shaded areas of B with a 0.2—-0.4 M NaCl, 0.01 M pH 7.6 
Tris Cl linear gradient. Typical resolution is illustrated by fitting peaks of chain length 10, 11, 12, 
13, and 14 as sums of Gaussian curves. 
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H;P*20,. It was immediately apparent that the distribution of isotope depended 
upon the method of cell rupture employed. Exponentially grewing yeast cells 
were briefly exposed to $**O,, centrifuged, washed, and then disrupted by either sand 
grinding or by passing the cell paste through a French pressure cell. After removal 
of the cell debris, the extracts were layered on a 5-25 per cent sucrose gradient and 
centrifuged in a swinging bucket rotor. When cells are broken by mild sand grind- 
ing, much of the isotope is associated with components larger than the 80S ribosomes. 
On the other hand, in extracts from the French pressure cell, these fast-sedimenting 
fractions are absent, and most of the S* is found in the 80S region. It therefore 
appears that harsher methods of cell disruption lead to a disruption of polysomes 
into 80S ribosomes without release of the nascent protein. 

If these fast-secimenting, amino acid-incorporating fractions are ribosomes com- 
plexed with messenger RNA, then these same fractions should rapidly incorporate 
radiophosphorus. After 10 sec exposure to P**O, radioactivity was identified with 
the polysomes, but the 80S ribosomes became labeled only after longer exposure. 
After 150 see exposure both polysomes and 80S ribosomes are labeled, but the 
polysomes still show the highest specific activity. When excess unlabeled phos- 
phate was added after 150 sec, the radioactivity was rapidly displaced from poly- 
somes but not from 80S ribosomes. 

Protein synthesis as a function of polysome size: Ribosomes from several sources 


zz ae = 
| B 
1400+ 
+ POLYU Wm assay / 


*POLYU im assay &—— 
4 


FRACTION 


cPpm,/ 


4 
5 
FRACTION NUMBER FRACTION NUMBER 


Fic. 2.—Effect of poly U on the incorporation of C!*-L-phenylalanine by ribosomes fractionated 
on a sucrose gradient. Ribosomes and supernatants were prepared as described in Materials and 
Methods. Ribosomes were suspended to a density of 125 O.D.2/ml in buffer. In experiment 
A, 2 ml were loaded directly on a sucrose density gradient. In experiment B, 2 ml of ribosomes 
were first preincubated with 250 ug of high molecular weight poly U at 0°C for 5 min and then 
treated as in experiment A. Both tubes were centrifuged for 110 min at 23,000 rpm in the SW25 
rotor, and aliquots collected as described in Materials and Methods. Duplicate aliquots of 0.2 ml 
were used from each tube for amino acid incorporation. One group served as control, and the 
second received 93 yg poly U in a final incubation mixture of 0.4 ml. After incubation at 25°C 
for 45 min, the samples were treated and counted as described in Materials and Methods. 
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have been found heterogeneous with respect to their size and protein synthesis 
capacity.'~> It was therefore of interest to separate yeast ribosome fractions from a 
sucrose gradient and determine their ability to incorporate C'*-phenylalanine in the 
presence or absence of poly U. The results of these experiments are shown in Figure 
2A. Sucrose gradient centrifugation separates polysomes active in the cell-free 
system from 808 ribosomes. Incorporation depending upon native mRNA is al- 
most exclusively restricted to the heavy fraction. However, when high molecular 
weight poly U is added to the assay system, all of the ribosomal classes are active 
including the 80S class. The specific activity of ribosomes for C'-phenylalanine 
incorporation, based on the optical density at 260 my, is highest in the polysome 
region. Analytical ultracentrifugation of samples removed from the polysome 
region showed distinct species of sedimentation coefficients 78, 107, 128, 157, and 213 
when corrected to the viscosity of water at 20°C. 

The stimulation of 80S ribosomes by poly U suggests that active aggregates of 80S 
ribosomes may be occurring with poly U in the assay system. To test this pos- 
sibility, a ribosomal preparation was first charged with poly U, centrifuged in a simi- 
lar manner, and tested for C'*-phenylalanine incorporation in the presence and 
absence of additional added poly U. The results shown in Figure 2B have been 
observed repeatedly. Polysomes which had been exposed to poly U before gradient 
sedimentation no longer incorporated phenylalanine in the absence of added poly 
U, presumably because the native mRNA had been displaced or inactivated by poly 
U. The addition of poly U before sedimentation caused aggregate formation, and 
the active 80S ribosomes moved to the polysome position leaving only inactive ribo- 
somes in the 80S peak. ‘The second active peak, which sediments slower than 80S, 
has been observed in each experiment. High molecular weight poly A was also ef- 
fective in causing active polysome formation. 

We conclude from these experiments that only a small fraction of the total 
80S ribosomes as prepared are capable of forming polysomes. Polysomes as well as 
ribosomes are stimulated by poly U to incorporate phenylalanine; normal release 
of free ribosomes from the ends of mRNA could be the source of the active ri- 
bosomes. 

Effect of poly U on phenylalanine incorporation: It has been postulated that 
polysome formation is essential for polypeptide synthesis,’ but we have reported 
stimulation of polypeptide synthesis by poly U and poly A chains too short to link 
up several ribosomes.'? Under standard conditions yeast ribosomes" are of the 
80S class with a diameter of 195 A. Poly U chains over 500 A long or over 100 
nucleotides long would be needed to interact simultaneously with five ribosomes. 

Stimulation of phenylalanine incorporation by poly U fragments has been 
measured in crude cell-free extracts (Fig. 3) and in reconstructed washed ribosome 
systems to which small amounts of supernatant solutions were added (Fig. 4). 
The first system shows high stimulation by poly U, but also has considerable basal 
activity in the absence of added poly U. In the second system all activities are 
somewhat reduced, but the ratio of poly U stimulation to basal incorporation is 
more favorable. Both systems incorporate phenylalanine when small poly U 
fragments are added. 

UTP, UDP, UMP, and poly U of chain lengths 2 through 22 were tested for 
stimulation of C'4-L-phenylalanine incorporation. There was a significant stim- 
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Fic. 3.—Incorporation of C!-L-phenylalanine by 
crude extracts in the presence of poly U of different 
chain lengths. A yeast suspension was disrupted by 
sand grinding and centrifuged for 30 min at 20,000 x 
g. The supernatant was diluted in buffer to a concen- 
tration of 50 O.D.260/ml. The incorporation conditions 
are identical to those indicated in Materials and Methods, 
except that the supernatant fraction and ribosomes 
were replaced by 0.2 ml of crude extract, and poly U 
of various sizes was added as indicated. At saturation 
of high molecular weight poly U (250 yg/ml) the in- 
corporation of C'-L-phenylalanine is 540 yumoles 
amino acid in the incubation system. The gumoles of 
C'-L-phenylalanine incorporated were calculated from 
the known specific activity of the isotope without correc- 
tion for endogenous dilution. The symbols are ex- 
plained as follows: 
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Explanation of Symbols for Figures 3 and 6 
% 2’ or b// x or 
phos- 
% 2', 3’ phomono- 
Chain length of cyclic ester 
Symbol poly U ends ends 
© 18, 50% 19, 
20% 20 
‘ 80% 11, 20% 10 70 30 A, Ux 20 o 19, 60% 20, 
O, 70% 12, 20% 13, ‘ 0% 2100 
10% 11 30 A, Un 19, 23; 20% 
B,Uu 80% 14, 10% 13, 20, 22; 40% 21 
10% 15 7 30 ®, Uis-25 Distribution from 
B@ Us 60% 16, 20% 15, 15 to 25 
20% 17 30 


phos- 
% 2’, 3’ phomono- 
Chain length of cyclic ester 
Symbo poly ends ends 
O, Us 80% 9, 20% 8 70 30 A, Us 
Dd. Us 50% 9, 50% 10 30 70 
12 


U 
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ulation by poly U of chain lengths 9 and longer. The effectiveness of poly U 
fragments increased as longer chain lengths were employed. Short-chain poly- 
nucleotides may function either by priming further polynucleotide synthesis or may 
be effective coding units in themselves. The former is unlikely, since incorporation 
is not stimulated by the addition of UTP, UDP, or UMP. 

The relationship between incorporation and chain length is shown in Figure 5. 
Phenylalanine incorporation was not increased until poly U chains longer than 5 
nucleotides were added. A sharp increase in incorporation occurs between Us 
and Us, U;,and Uy, and Uy,and Uy. The nonoverlapping triplet code for amino acid 
incorporation predicts these increases. While these results are suggestive, measure- 
ments with all pure fragments of ng—nx» will be required before any statistically 
significant relationship between chain length and efficiency of amino acid incorpora- 
tion can be established. 

It is evident from the data in Figure 4 that less poly U is required to saturate the 
purified system as the chains become shorter. The half saturation concentrations 
for poly U (g = g), poly Uo-so), and poly Ugs « 5) were 40, 10, and 5 ug/ml, re- 
spectively. Based on molar concentrations, however, the K,, values were similar 
for all three samples (0.42, 0.51, and 0.60 micromolar, respectively). These values 
may reflect titration of sites rather than a dissociation constant, since the ribosome 
concentrations were also 0.5 micromolar. 

The various hydrolysis programs mentioned under Methods permitted isolation 
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_ Fic. 4. Incorporation of length of poly U and C'-L-phenylalanine in- 
C™-L-phenylalanine by a re- corporation. The yumoles of phenylalanine 
constructed system in the pres- incorporation stimulated by 40 yg of poly- 
ence of poly U of different chain nucleotide are plotted as a function of chain 
lengths. Poly U fragments were length. The two samples not on the line were 
added to the concentrations deficient in cyclic phosphate ends (see Fig. 3 
indicated in the standard in- legend for symbols). 

corporating system (washed ‘ 

ribosomes, supernatant, etc.), 

treated, and counted as de- 
scribed in Materials and Methods. 


of polynucleotides terminating in predominantly cyclic phosphate ends and other 
samples of similar or identical chain length but rich in 3’ and 2’ monophosphate 
ends. The points in Figure 3 plotted as Uy, and U, are 70 per cent cyclic-ended 
and 30 per cent cyclic-ended, respectively. Samples Ux and Ux are 70 and 10 
per cent cyclic-ended, respectively. A single experiment with dephosphorylated 
Uj; showed no stimulation of phenylalanine incorporation. These results suggest 
that only cyclic phosphate chain ends can function as the starting point for an 
RNA message, but differential resistance to nucleases also could cause the above 
relation between structure of chain ends and message function. 

Poly U samples of chain length 7 and 8 significantly stimulate phenylalanine 
incorporation when present at 5 ug/ml, but are inactive at the higher concentration 
levels where Uy to Us are most effective. U; does not compete with high molecular 
weight poly U in that phenylalanine incorporation stimulated by Uso was un- 
diminished even when both U; and Uso were present at the critical concentration 
of 12.5 ug /nal. 

Amino acid incorporation in the absence of polysome formation: Assuming that 
short-chain poly U fragments code for phenylalanine incorporation, one can in- 
quire whether polysomes per se are a necessary prerequisite for protein synthesis. 
This possibility can be directly tested in the present system, since prolonged sand 
grinding destroys basal activity and polysomes but generates active 80S ribosomes 
which respond to poly U. Presumably in this system native mRNA has been 
inactivated or degraded. If poly U fragments promote polysome formation, then 
aggregated ribosomes should be generated during preincubation with the fragments. 
To examine this possibility (Fig. 6), ribosomes fractionated by sucrose gradient 
centrifugation were assayed for C'*-L-phenylalanine incorporation in the absence 
and presence of undegraded poly U and poly U fragments (20 + 5 nucleotides). 
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Fig. 6.—Incorporation of C''-L-phenylalanine by 
sucrose gradient fractionated ribosomes in the ab- 
sence and presence of long- and short-chain poly U. 
Ribosomes were prepared as described in Materials 
and Methods except that the cells were sand-ground 
for 5 min. One ml of ribosomes (270 O.D.2¢/ml) 
was layered on a 5-25°% sucrose gradient and cen- 
trifuged for 2 hr at 23,000 rpm. Thirty-drop frac- 
tions (1 ml) were collec ted. Aliquots of 0. 2 ml were 
added to 0.2 ml reaction mixtures containing the 
usual components for incorporation except ribosomes. 
Where indicated, 50 ug of undegraded poly U or 20 
ug degraded poly U (20 + 5 chain length) was 
added. After incubation at 25°C for 45 min, the 
samples were treated as described in Materials and 
Methods. 
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All ribosomes were stimulated by the undegraded poly U. Incorporation by 80S 
ribosomes was stimulated by short poly U 30 per cent as well as by undegraded 
poly U, whereas short polymer did not stimulate polysomes. As this poly U 
fragment, even when fully extended, is shorter than the diameter of 80S ribosomes, 
aggregation would not be expected. No aggregation was detected when ribosomes 
(200 O.D.260/ml) were first preincubated with poly Ux 4 5 (125 ug/ml) prior to 
centrifugation in the sucrose gradient. The fractions obtained were then assayed 
with and without undegraded poly U. The results obtained were very similar to 
those shown in Figure 6 and indicate that competent 80S ribosomes can function 
in polypeptide synthesis without a prerequisite aggregation into polysomes. 

Discussion.—Messenger RNA has in recent years been viewed as a tape to which 
a number of active ribosomes are attached during the process of programing the 
synthesis of a specific protein.!4 In the mammalian reticulocyte system, and 
possibly also in bacterial systems, the majority of the ribosomes exist as polysomes 
containing five or more 80S particles. The findings in yeast are consistent with 
this hyputhesis. In the present paper evidence both in vive and in vitro has been 
presented for the presence of small amounts of active ribosomal aggregates. Since 
kinetic studies in vivo have led to the conclusion that most, if not all, of the ribosomes 
are active in protein synthesis, the actual number of ribosomes associated with 
polysomes in vivo may be considerably larger than those seen in extracts. 

Phenylalanine incorporation by 80S ribosomes in the presence of short poly 
U fragments shows that polysome formation is not required for polypeptide syn- 
thesis. Interaction of long-chain poly U with ribosomes has demonstrated 
that active 80S ribosomes form polysomes, whereas inactive ribosomes remain 
unaggregated. 

This study has demonstrated the possibility of measuring messenger RNA 
function of oligonucleotides short enough to be completely characterized and thus 
to establish the correlation of mRNA structure with peptide product structure. 
The results in Figure 5 suggest that at least three triplets of poly U are required 
for phenylalanine polymerization and that each additional three nucleotide units 
augments incorporating activity. 

The lower limit for message size is not established by the experiments reported 
here. The assay depends on insolubility of the product in hot TCA. Phenylala- 
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nylphenylalanine is soluble in this solvent. Our attempts to compare product chain 
length to message length have been hampered by our failure in attempts to develop 
a clear chromatographic separation of (Phe); from (Phe), and (Phe)s. However, 
excellent systems for separating oligopeptides of lysine exist'* and the yeast system 
is stimulated by short-chain poly A in the same manner as it is by poly U. We 
have developed methods for preparing oligonucleotides of chain length 12 containing 
three different bases in unique sequences. Such materials could lead to an under- 
standing of the sequence of bases within the codons. 

Bacterial ribosomes have been reported to require poly U of chain length over 
50 for significant polyphenylalanine synthesis” and to be inhibited by short-chain 
poly U." Fortunately, 2. coli ribosomes are stimulated" by short-chain poly A 
to form lysine peptides, so that comparison between yeast and coli codon structure 
will be possible. 


* Supported by grants from the National Science Foundation (B-7150), U.S. Air Force Office of 
Scientific Research, Air Research and Development Command contract AF49(638)314, and the 
National Institutes of Health (E01450). 

The following abbreviations are used: poly U, polyuridylic acid; poly A, polyadenylic acid; 
PEP, phosphenolpyruvate; mRNA and sRNA, messenger and soluble ribonucleic acid; TCA, 
trichloroacetic acid; Tris, tris(hydroxymethyl) amino methane. 

+ Postdoctoral trainees, National Institutes of Health training grant (2G-686). 
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